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Abstract

Collagen fiber networks provide the structural strength of tissues such as tendons, skin, and
arteries. Quantifying the response of the fiber architecture to mechanical loads is essential towards
a better understanding of the tissue-level mechanical behaviors, especially in assessing disease-
driven functional changes. To enable novel investigations into these /oad-dependent fiber
structures, a polarized spatial frequency domain imaging (pSFDI) device was developed and, for
the first time, integrated with a biaxial mechanical testing system. The integrated instrument is
capable of a wide-field quantification of the fiber orientation and degree of optical anisotropy
(DOA), representing the local degree of fiber alignment. The opto-mechanical instrument’s
performance was assessed through uniaxial loading on tendon tissues with known collagen fiber
microstructures. Our results revealed that the bulk fiber orientation angle of the tendon tissue
changed minimally with loading (median+0.5*IQR of 52.7°+3.3° and 51.9°+3.3° under 0 and 3%
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longitudinal strains, respectively), whereas on a micro-scale the fibers became better aligned with
the direction of loading: the DOA (meanxSD) increased from 0.149+0.032 to 0.198+0.056 under 0
and 3% longitudinal strains, respectively, p<0.001. The integrated instrument was further applied
to study two representative mitral valve anterior leaflet (MVAL) tissues subjected to various
biaxial loads. The fiber orientations within these representative MVAL tissue specimens
demonstrated noticeable heterogeneity, with local fiber orientations dependent upon the sample,
the spatial and transmural locations, and the applied loading. Our results also showed that fibers
were generally better aligned under equibiaxial (DOA=0.089+0.036) and circumferentially-
dominant loading (DOA=0.086+0.037) than under the radially-dominant loading
(DOA=0.077+0.034), indicating circumferential predisposition. These novel findings exemplify a
deeper understanding of the load-dependent collagen fiber microstructures obtained through the
use of the integrated opto-mechanical instrument.

Keywords

1.

collagen fiber architecture; microstructure; quantitative optical technique; polarization imaging;
biaxial loading; heart valve; load-dependence

Introduction

Collagen fibers comprise the extracellular matrix (ECM) in soft collagenous tissues, such as
tendons, arteries, heart valve leaflets and skin. In collagenous tissues like these, the fibers are
arranged in specific architectures to support the functional requirements of the native
biological material. Owing to the essential relationship between tissue’s mechanical function
and collagen fiber organization, significant efforts have been dedicated to examinations of
the collagen fibers architectures (CFAS) in various tissues [1-3]. These research studies have
traditionally analyzed tissues — either tissues not subjected to external mechanical loading or
tissues chemically fixed at specific mechanical loads. For example, existing studies have
reported the orientation and spread of collagen fibers throughout the unloaded sclera,
meniscus, and murine lung, among others [4-6]. However, these quantifications, considering
tissues not subjected to mechanical load, may be inadequate for understanding the CFA’s
contribution to the overall mechanical function of the tissue, because collagen networks
change in response to mechanical loads [7-9]. Moreover, computational models oftentimes
employ an affine fiber kinematic assumption to describe these collagen network changes in
response to mechanical loading (see, e.g., [10-12]), but validation of this modeling
assumption would require more experimental knowledge regarding load-dependent collagen
fiber architectural database that is currently limited in the literature. Thus, an improved
description of the fiber architecture and its relation to tissue-level and organ-level function
could be obtained by quantifications of changes to fiber networks under applied mechanical
loading. Such combined structural and mechanical descriptions of the load-dependent fiber
architecture are essential for establishing the structure-function relationship in healthy
tissues, and for improving the understanding of structural and functional degradation in
tissue diseases, including tears in tendon, arterial aneurysms, aortic dissections, and stenosis
or calcification in heart valve leaflets (such as [13-18]).

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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Several collagen microstructural imaging techniques (Table 1) have been developed and
widely employed in the context of identifying the microstructure of soft collagenous tissues,
including polarized spatial frequency domain imaging (pSFDI) [19, 20], quantitative-
polarized light microscopy (Q-PLM) [21, 22], small angle scattering techniques (small angle
light scattering (SALS) and small angle X-ray Scattering (SAXS)) [23-25], second
harmonic generation (SHG) microscopy [26—29], confocal microscopy methods, especially
laser scanning confocal microscopy (LSCM) [30], and standard histological methods [31,
32]. Each of these imaging techniques provides a unique means to examine the collagen
fiber structure with their own distinct proficiencies and shortcomings. For example, on the
one hand, pSFDI, SALS, and some recent implementations of Q-PLM can provide
quantifications of the fiber structure over a large field of view (FOV), but as they consider
aggregated signals from scattering events within a sample, the signal from collagen fibers
can be masked by scattering from other microstructural constituents. On the other hand,
standard Q-PLM, SHG imaging, LSCM, and microscopy of histological samples provide
more concrete methods to ensure that only the collagen fibers are examined through
visualization of individual fibers; however, through the increased resolution, large FOV
measurements, typically the entire tissue sample spatially and transmurally, may not be
feasible. Moreover, SALS and Q-PLM techniques often times require alterations to the
tissue, such as optical clearing techniques or histological sectioning and staining. Such
alterations provide an improved resolution and contrast of the CFA in the tissue, but, in the
meantime, remove any ability to assess the functional, load-dependent changes in the
collagen microstructure in response to physiological loading. In contrast, techniques, such as
confocal microscopy and pSFDI, show great potential for assessing the load-dependent
CFAs in collagenous tissue samples [33—-35]: Confocal microscopy methods have been
employed to noninvasively examine cross-linking in corneal and skin collagen fiber
structures /n vivo and under loading states [36, 37]. Nevertheless, pSFDI techniques have yet
to be used towards analyses of the load-dependent collagen structures in soft collagenous
tissues.

The information presented in Table 1 confers a baseline for each systems’ capabilities, as the
imaging techniques have been frequently customized and extended for specific research
applications, yielding a variety of FOVs, imaging resolutions, and image acquisition times.
For example, although polarized light microscopy is traditionally used to examine
histologically-prepared samples on a microscopic scale, techniques were recently applied,
via the addition of quarter-wave plates, to examine the load-dependent collagen structures in
the tendon-insertion attachment over a cm-scale in milliseconds, albeit with a lower spatial
resolution [38]. Similarly, a modified Q-PLM system was developed to semi-quantitatively
examine the load-dependent collagen structures in a tissue sample under uniaxial loading
[39]. In another custom application, a commercial SHG device was integrated with a
mechanical testing system to examine changes to collagen fibril structures in pericardial
tissues under biaxial mechanical loads [40]. For the arterial tissues, recent studies combined
SALS [41] or confocal microscopy [42] with mechanical loading techniques to gain a high-
resolution, narrow FoV understanding of collagen fiber extension and changes in the
individual fiber’s tortuosity. The devices used in these studies and similar in [43] are
especially valuable for characterizing the collagen mechanical behavior in tissues that can be

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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assumed spatially homogenous; for other collagenous tissues, such as the cardiac heart valve
leaflets, microstructural heterogeneities may not permit extrapolation of the measured CFSs,
thus limiting the applicability of such collagen fiber characterizations for finite element
modeling.

Similarly, previous studies have used light scattering techniques to effectively examine the
load-dependent kinematics of collagen molecular and fibrillar structures at a nm-scale using
SAXS [25, 44], or the load-dependent behavior of the larger-scale fibers through SALS [45,
46]. However, these transmissive light scattering-based techniques are unable to discriminate
the scattering contributions from each layer in the transmurally-heterogenous tissue samples.
In the heart valve leaflet tissues, such layer-specific microstructural characterizations have
traditionally been possible only through destructive histological sectioning techniques [47].
On the other hand, the pSFDI technique was recently used for quantitative analyses of the
collagen fiber orientation and degree of alignment across the distinct morphological layers
of the native aortic valve tissues at the unloaded state, providing a valuable understanding of
transmural variance in collagen fiber arrangement [35].

As detailed in the previous paragraphs, imaging techniques have yielded broad capabilities
toward investigating soft collagenous tissue’s microstructures [48]. Despite the recent
advances, no viable device has yet been reported to allow monitoring the load-dependent
CFAs in tissues subjected to arbitrary external mechanical loadings or provided rigorous
quantifications of the CFAs over a tissue-scale FOV (spatial and transmural). This
shortcoming underscores the lack of understanding of how the collagen fiber microstructure
changes and reorients to support the functional mechanical behavior and, conversely, how
the heterogenous alterations to the load-dependent CFA may contribute to tissue-level
diseases. To provide this much needed analytical capability, the overall goal of this study is
first to develop a pSFDI device, and to further integrate this device with a commercial
biaxial mechanical tester. The integrated system is capable of depth-modulated
quantifications of collagen fiber orientation and degree of alignment throughout the spatial
and transmural domain of a tissue sample. In addition, the integrated instrument allows
quantifications of the CFAs in tissue samples subjected to biaxial loading, rendering a novel
and essential tool for opto-mechanical analyses of collagenous tissues, such as heart valve
leaflets, arteries and skin. The performance of the integrated instrument was assessed
through combined mechano-structural testing on bovine tendon tissues with a known CFA
[49]. Finally, the instrument was utilized to examine the load-dependent, heterogenous CFAS
in the mitral valve anterior leaflet (MVVAL) tissues in the physiologically-relevant
environment.

Methods

2.1 Overview on the theory of birefringent collagen scattering

When subjected to polarized illumination, collagen fibers exhibit birefringence, i.e., a
refractive response that depends upon the polarization and propagation of the incident light.
More specifically, collagen fibers manifest a structural birefringence arising from the
cylindrical shape of the fibers. The structural birefringence can be captured via a co-
polarization imaging approach, which is a reflectance-based imaging methodology wherein

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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both the light approaching a sample and the reflected light from the sample pass through the
same linear polarizer with an angle Epp/arizer- This co-polarized imaging system can be
realized with several optical components (Fig. 1a), including a light projector, a linear
polarizer, and a CCD camera.

By incrementally rotating the polarizer in a co-polarized imaging system from 0° to 180°
and sequentially capturing the corresponding reflected intensity associated with each
Opolarizer the birefringence of the collagen structure causes variation in the captured
intensities. This birefringent intensity variation is depicted for an example cylindrical fiber
with a fiber orientation angle e 0f 90° (Fig. 1b). The bimodal intensity response is
periodic over a 180° range and has a global maximum where po/arize=Ofiper With a
corresponding offset /ocal maximum when pojarizeOripe90°. The global and local
maxima occur when the polarizer transmission axis is parallel to and perpendicular to the
fiber orientation angle By, respectively. Quantitatively, the birefringent reflected intensity
15, 0f a group of collagen fibers (Fig. 1b) can be described by the following 3-term Fourier
cosine series:

1 out

Tops =ap+ a2[2(9ﬁber - polarizer)] + 04[4(9fiber - polarizer)], (1)
where 7,y is a bulk systemic coefficient encompassing non-birefringent intensity modifiers,
such as the aperture of the camera, and &, &, and 4, are the three Fourier coefficients.
Specifically, a5 describes the mean reflected light intensity from the sample, whereas & and
a, represent the gptical anisotropies arising from the sample’s birefringence. Equation (1),
derived on the basis of a standard Stokes/Mueller formalism [33, 50, 51], with more details
presented in Appendix A, represents the reflected intensity of a single fiber with orientation
Ofiver, OF @ group of fibers with a mean angle By, as a function of Gpp/arizer.

For complex clusters of collagen fibers with varied in-plane orientations, the magnitudes of
the optical anisotropies provide a means of examining the local dispersion of the collagen
fibers, which is expressed in the degree of optical anisotropy (DOA), i.e.,

a)+ay

DOA = ———. 2
ag+ay+ay

Although the DOA metric is not a perfect indicator of the dispersion of collagen fibers, as
the observed optical anisotropy can be influenced by factors including the tortuosity of the
constituent fibers and non-lamellar fiber arrangement [33], the DOA could still provide
valuable comparative information about the dispersion of collagen fibers throughout a
sample. The DOA may also allow for important relative comparisons of the collagen
microstructures within a tissue sample subjected to various mechanical loading conditions
(cf. Section 3).

Remark 1: Equations (1) and (2) underlie the fundamental theory of birefringent
collagen scattering, which relates the birefringent optical response of a
collagenous tissue to the mean fiber orientation Gf.-and the approximate
fiber dispersion by means of DOA. In the pSFDI implementation (cf.

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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Section 2.3), these relationships are used to extract the spatial collagen
structural information from a sample’s optical response.

2.2 Spatial frequency domain imaging (SFDI) theory

pSFDI employs the spatial frequency domain imaging (SFDI) theory to control the effective
imaging depth in the collagen microstructural quantifications. Specifically, SFDI relates the
effective penetration depth a7 4¢ Of the measurements to the spatial frequency f, of the
projected light pattern by the following approximation

1
Ocff . ACR F77—- @®)

Remark 2: By judiciously regulating the incident light’s spatial frequency, pSFDI can
produce spatial maps of the tissue’s optical properties encoding only
information shallower than a desired effective imaging depth, according to
Eq. (3) (see Figure B1), where tissue depth is defined as the distance from
the light-tissue interface into the sample medium. This capability is
possible because the amplitude modulation of the AC intensity signal
within the sample depends upon the incident spatial frequency, where
higher spatial frequency signals diffuse at shallower imaging depths, and
conversely, lower spatial frequency signals will retain their amplitudes
further into the tissue [52] (cf. Fig. B1).

Remark 3: The depth-controlled images generated from SFDI are known as the AC
images, as they capture the spatially alternating reflected intensities. In the
SFDI image demodulation process, as discussed extensively in literature,
these depth-controlled AC images are generated together with full-optical-
thickness images, denoted as the DC images, since they represent signals
that are independent of spatial modulations in the reflected light patterns.
For this reason, results derived from the DC image signals are independent
of the incident spatial frequency £,. For interested readers, we provide a
detailed analysis of the relation (Eq. (3)) between the spatial frequency and
the imaging penetration depth, as well as a description of the image
demodulation process and a discussion of the DC and AC imaging depth
formulae in Appendix B.

2.3 Polarized spatial frequency domain imaging system

The pSFDI imaging technique combines the ability of co-polarized imaging to quantify the
birefringent fiber structures with the depth-discrimination capabilities of SFDI. A pSFDI
system (Fig. 2) was developed in our lab, which utilizes an LED-driven, micromirror-based
pattern projection system (Texas Instruments, Dallas, TX) with a projection wavelength of
490 nm (cyan) and a 5 Megapixel CCD camera (Basler, Germany) with lens of f/Z.9and an
exposure time of 50 ms. For controlled rotational polarization, our pSFDI system employed
a nanoparticle linear polarizer with a diameter of 25 mm mounted into a rotational servo
motor with a 0.1° resolution (Thorlabs, Newton, NJ). These components were attached

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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firmly to a vertical breadboard using a combination of purpose-built 3D-printed components
and standard optics mounting hardware (Fig. 2). For imaging of the load-dependent collagen
microstructures in soft collagenous tissues (cf. Sections 2.4.2 and 2.4.3), we further
integrated this polarized spatial frequency domain imaging system with a commercial
biaxial mechanical testing system (BioTester, CellScale, Ontario, Canada) to form a novel
opto-mechanical instrument (Fig. 2).

During testing, the projection-system projected three phase-shifted images sequentially,
through a polarizer at angle Gpp/arizer, ONtO a tissue sample. For each projected image, the
reflected light from the sample passed back through the same polarizer and was captured by
the CCD camera. This projection-capture sequence was repeated at each of the 37 discrete
polarization increments (5° increments from 0° to 180°). The coordination of the image
projection, image capture and polarizer rotation were accomplished through a custom
LabView program (National Instruments, Austin, TX).

After pSFDI testing, the phase-shifted images were first smoothed via convolution with a
normalized 5x5 uniform kernel and were then combined at each pixel and polarization state
according to the convention from the SFDI theory (cf. Appendix B for more details). At each
pixel in the resultant DC and AC images, the following analysis processes were performed:

i fit the intensity vs. Epp/arizer data by using the 1D moving least-squares (MLS)
function [53];

ii. extract the local Bgpe from the MLS fit as the polarizer angle where the model
intensity was maximized, using the NumPy argmax() function;

iii.  compute the cosine terms in Eq. (1), utilizing the extracted local Gy,

iv. use the calculated cosine terms to perform linear least-squares curve fitting on
the intensity with respect to Gpp/arzer to determine the three coefficients (&, a,
ay) from Eq. (1);

V. apply coefficients (&, &, as) to Eq. (2) to compute the local (pixel-wise) DOA.

The above algorithm was found to be more computationally effective for extracting the
structural metrics (Ggpe-and DOA) than an alternative nonlinear curve fitting process, which
requires a judiciously-chosen initial guess. In addition to these steps, the effective imaging
penetration depth of structural metrics extracted from the AC intensity data was computed
using Eq. (3). All the above data analyses were implemented via in-house Python and
MATLAB (MathWorks, Natick, NA) programs.

Imaging of the load-dependent collagen microstructural architecture for

representative soft collagenous tissues

All tissues used in the following studies were obtained from a USDA-certified abattoir
(Country Home Meat Co., Edmond, OK). The tissues were frozen for storage purposes and
thawed prior to testing and sample selection, based on prior studies which showed the
freezing process has minimal effects on the tissue microstructures and the mechanics [54—
56].

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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2.4.1 Verification testing for the developed pSFDI system — bovine tendon
tissues—First, to assess the microstructural predictions by the developed pSFDI system,
verification imaging tests were performed on bovine tendon samples. In the interior region
of tendon, collagen fibers exhibit a strong preferential alignment along the longitudinal
tendon axis [49, 57, 58]. To evaluate the efficacy of the system’s microstructural predictions,
the quantified collagen fiber orientations of tendon samples were compared to the expected
preferential orientation a priori. In brief, three thin tissue samples were excised from the
central region of bovine tendons, with care taken to exclude the synovial sheath membrane
enclosing the tendon. The samples were placed at varied planar orientations (Fig. 3a),
sandwiched between two microscope slides in a 3D-printed container, and mounted to the
pSFDI system. Tissue samples were imaged with a spatial frequency of £,=0.20 mm™1.
Because this group focused on the verification of the fiber orientation predictions of our
developed pSFDI system, we considered only the DC, or full-depth, image results from this
study.

2.4.2 Quantification of load-dependent CFA changes — bovine tendon tissues
—Next, displacement-controlled uniaxial stretching tests were performed to examine the
load-dependent changes in the collagen fiber microstructures of the bovine tendon tissue.
Specifically, a strip of tissue (thickness of 1.25 mm, width of 15 mm, length of 40 mm) was
sectioned from the central region of a bovine tendon, such that the strip length direction was
aligned with the native tendon axis. The tendon sample was then mounted to the biaxial
mechanical testing system via the CellScale clamp mounting fixture (Fig. 2) and subjected to
various longitudinal strains (0%, 1%, 2% and 3%) along the tendon tissue’s length direction
(Fig. 4a). At each strain state, the collagen fiber orientation and the DOA within the sample
were quantified using the developed pSFDI system with a spatial frequency of £,=0.20 mm
-1, Sample hydration was maintained by soaking the sample in phosphate-buffered saline
(PBS) solution between the imaging tests.

2.4.3 Quantifications of load-dependent CFA changes — porcine mitral valve
anterior leaflet (MVAL) tissues—Heart valve leaflets, such as the mitral valve anterior
leaflet (MVAL), exhibit spatially-varied CFAs with complex layer-dependent
microstructures [59-62]. Two studies examined the complex MVAL tissue microstructures:
Study A, to examine how the collagen fiber microstructures changed in response to varied
biaxial mechanical loads, and Study B, to assess the differences in the load-varied tissue
CFA at distinct measurement depths.

In each of these two studies, the entire anterior leaflet tissue samples were excised from the
porcine mitral heart valve, and three thickness measurements via a digital caliper (Westward
1AAU4 - 0.01 mm resolution) were taken across the domain of the tissue with the average
thickness reported. Then, the leaflet was mounted to the BioTester using the CellScale
BioRakes fixture to create an effective testing region of 10x10 mm (Fig. 5a). The MVAL
tissue sample’s circumferential and radial directions were aligned with the x-and y-axes of
the tester, respectively, during mounting. The tissues were then immersed in a PBS solution
at 37 °C for the duration of mechanical testing to emulate the valve’s physiological
conditions. Prior to applying the mechanical testing protocols, the tissue samples were

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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preconditioned to restore their /n vivo functional state using a standard force-controlled
preconditioning protocol with a targeted maximum force of 1N applied in both the
circumferential and radial directions [63, 64]. The targeted loading of 1N was determined
based on an assumed physiological membrane tension of 100 N/m [65-67] and a 10 mm
effective edge length.

In Study A, an MVAL tissue sample with a thickness of 0.75 mm was examined. After the
above-mentioned preconditioning step, the tissue sample was subjected to various biaxial
loads: Fe:FR=1000 mN:1000 mN, Fo/FF=1000 mN:250 mN, and FoF=250 mN:1000 mN,
where Foand Fpare the forces applied in the circumferential and radial directions,
respectively. A spatial frequency of £=0.27 mm~1 was adopted for all tests in Study A with
only the DC, or full-depth, image results reported.

In Study B, another MVVAL tissue sample with a thickness of 0.87 mm was subjected to
mechanical preconditioning and then examined with spatial frequencies of 0.712 mm™, 0.42
mm~1, 0.24 mm1, and 0.20 mm™1, which correspond to the AC imaging depths of 225 um,
375 um, 650 um, and 800 um, respectively, based on Eq. (3). The MVAL tissue sample was
then loaded with F-:Fz=1000 mN:1000 mN, and the pSFDI imaging was repeated using the
same set of spatial frequencies mentioned above. Both the AC and DC image results were
compiled and reported from this study.

Remark 4: The procedures for Study A were repeated with the MVAL tissue sample
used in Study B, for a brief examination of the cross-leaflet consistency in
the predictions of the collagen fiber microstructural architectures (Fig. 2).
The results of this repeated testing are included in Appendix C (Figs. C1—
C2 and Table C1).

3 Results

3.1 Collagen microstructural imaging for bovine tendon tissues — unloaded state

The predictions of the collagen fiber orientation Ogpe, by our developed pSFDI system for
three bovine tendon samples are presented in Figure 3. Three key results from this imaging
study are summarized as follows. First, by extracting the peak of the modelled MLS
intensity from representative pixels (red circles in Fig. 3a), the single-pixel predictions of the
collagen fiber orientation associated with the above three tendon tissue samples were
determined and reported as 122.7°, 55.1°, and 20.4°, respectively (Fig. 3a). Second, the 3-
term Fourier cosine series in Eq. (1) was able to accurately model the local pixel-by-pixel
birefringent reflected intensities of the collagenous tissues at the three selected pixel points
(R%=20.994, Fig. 3b). Finally, the spatial predictions of the fiber orientation O, (Fig. 3c) are
consistent with the longitudinal axis of the tendon throughout the tendon tissue domain, with
distributions falling in the range of 119.3°+2.5°, 58.8°+2.8°, and 25.6°+5.0°, respectively
(median+0.5*IQR; IQR=Q3-Q1 refers to the interquartile range), which closely match the
respective longitudinal tendon axes of the three bovine tendon tissue samples as oriented at
~120°, ~60°, and ~25°. These collagen microstructural imaging results considering tissues at
the unloaded state provided a qualitative and quantitative verification of the pSFDI system.
The result of this study supported our investigations into the effects of external mechanical

Acta Biomater. Author manuscript; available in PMC 2021 May 06.
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loading on the tendon tissue’s collagen fiber microstructures, which will be discussed in the
next subsections.

3.2 Collagen microstructural imaging for bovine tendon tissues — loaded states

Another strip of bovine tendon tissue—with a thickness of 1.25 mm, a width of 15 mm, and
a length of 40 mm—uwas prepared, mounted onto the biaxial tester such that the collagen
fibers of the tissue sample were oriented at approximately 52°, and uniaxially loaded to 0%,
1%, 2%, and 3% strain e (cf. results of 0% and 3% longitudinal strains in Fig. 4a,b). The
predicted fiber orientation Ggpe, throughout the entire tissue domain were, in general,
unaffected by the applied uniaxial loading in the sample axial direction (longitudinal strain
of 0% versus 3%, Fig. 4b). Unlike the fiber orientation predictions, the predicted DOAS
increased heterogeneously across the tissue domain in response to the longitudinal strain
(0% versus 3%, Fig. 4c). By further investigating the optical signal averaged over a bulk
region of the tendon tissue (cf. the inlet of Fig. 4d), a marked increase in the magnitude of
the optical birefringence in response to the applied uniaxial loading was observed. These
increases in the optical anisotropy were captured by the corresponding increase in the
DOA:s. For example, the DOA values averaged over the region shown in red (Fig. 4d) were
reported as mean+SD: 0.149+0.039, 0.169+0.043, 0.188+0.051, and 0.198+0.060 for the
0%, 1%, 2%, and 3% longitudinal strains, respectively. Moreover, the DOA distributions for
the tendon tissue at each loading state are presented in the Supplementary Material section
(Fig. S1), together with the one-way ANOVA revealing the statistically significant (p<0.001)
differences in local DOA distributions between any two loading states. The significant and
expected increase in the quantified DOAs with the increased tissue loading supports its use
to represent the fiber straightening, local decreases in the fiber dispersion, and the overall
fiber recruitment of soft collagenous tissues. For example, as tissues are loaded, collagen
fiber groups exhibit a more uniform alignment in the direction(s) of the applied loading [44,
46, 68]. Our integrated instrument was able to quantify this important load-dependent
microstructural characteristic through the DOA metric.

3.3 Collagen microstructural imaging for mitral valve leaflet tissues

The integrated pSFDI-biaxial opto-mechanical instrument was employed to capture the load-
dependent changes in the collagen fiber microstructures of MVAL tissue samples subjected
to various biaxial loads. The CFA for each MVVAL sample at each loading state is illustrated
through three graphical representations: (i) colormaps of the pixel-wise DOA over the tissue
at each loading state (Fig. 5 and Fig. C1), (ii) superimposed streamlines showing the
spatially-heterogeneous preferred collagen fiber orientation Ggp., (Fig. 5 and Fig. C1), and
(iii) histograms of the distributions for both the fiber orientation 8f.-and DOA over the
tissue domain (Fig. 6 and Fig. C2). The results, which are the first of their kind with the
MVAL tissue, indicate that the collagen fiber architecture of the MVAL tissue samples is
both spatially non-homogeneous and highly load-dependent (Figs. 5-6 and Figs. C1-C2).
Specifically, at the unloaded state, the fibers were generally aligned in an extended U-shape
—tracing an arc from the left commissure, toward the coaptation point, and back to the right
commissure (Figs. 5b and C1a). This microstructure has been well-catalogued in the heart
valve leaflets [23, 44, 69]. Moreover, the predicted DOAs at the unloaded state were
relatively uniform, falling into a range of 0.02-0.08 throughout the tissue domain (Figs. 5b,
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6c, Cla, and C2b). Drastic and spatially-varied changes in both the predicted fiber
orientations and DOA were observed when the MVAL tissue samples were subjected to
various biaxial loading protocols (cf. Fig. 5c—e for the first MVAL tissue sample and Fig.
C1b-d for the second MVAL tissue sample).

Remark 5: Although the fiber orientations over the two representative MVAL tissue
specimens were presented graphically via the streamlines in Figures 5 and
C1, the Bgpe measurements were obtained at each individual pixel over the
tissue domain, similar to those presented in Figure 7(b). The streamline
representation was adopted here only to visually demonstrate the load-
dependent fiber orientation changes concurrently with the local DOA
changes.

3.3.1 Examinations of the spatially-varied predicted fiber orientations and
DOAs—The distributions of the predicted fiber orientation G, for the MVAL tissue
sample exhibited bimodal appearances, especially in the unloaded, equibiaxially-loaded, and
radially-dominant loading states (Figs. 6b,c and C2a,b). Based on the previous studies
suggesting the presence of multiple fiber groups in the heart valve leaflets [70] and the
observed bimodal characteristic of the predicted CFAs, bimodal distributions were used to
quantify the distributions of By, at each loading state.

To evaluate the quantified fiber orientations, a bimodal r-periodic von Mises distribution
F(65iber) Was employed, which takes on the form

f(efiberl.“l’ K1, 1o, K2, w) = wg = Mises(9 e, | iy, k1) @
(1= g = MG ),
and
i 1
von—Mises _ _
g Olp, k) = 71o(x) exp[rcos[2(6 — p)]], ©)

where (14, x1) and (b, xy) are the parameters associated with the firstand secondvon Mises
distribution groups, respectively (cf. Figs. 6b and C2a), / is the Bessel function of the first
kind of order 0, ue[0,1] is the mixing parameter describing the relative magnitudes of the
two distribution groups. More specifically, the (4, (o parameters denote the center of the first
and second fiber distribution groups, respectively, similar to the means of a corresponding
bimodal normal distribution, and x€[0,1] denotes the concentration parameter of these fiber
distribution groups representing an inverse measure of dispersion. Note that the
concentration parameter x can be considered analogous to 1/¢2, where o is the standard
deviation of a corresponding normal distribution [71].

Remark 6: It should be noted that the assumption of bimodal microstructural
distributions was made to allow guantitative evaluations of the Ogpe,
distributions of the MVAL tissue samples, as well as their dependence on
the applied biaxial loads. While other models, such as a unimodal von
Mises distribution, may represent the G, distribution at specific loading

Acta Biomater. Author manuscript; available in PMC 2021 May 06.



1duasnuely Joyiny aduel|ly yoseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Jett et al.

Page 12

states, the chosen bimodal model is able to represent the fiber structure at
each loading state (as shown in Figures 6 and C2) and thus suffices for our
demonstrative purposes.

Remark 7: To further investigate the spatial variance in the distributions of the
quantified Ggpe-and DOA at each loading state, the MVAL specimen
domain was discretized into 4x4 grids (Fig. S2) and the CFA resutls were
analyzed individually. The results of this regional analysis are shown in the
Supplementary Material section (Figs. S3 and S4 for MVAL tissue samples
#1 and #2, respectively). These regional distributions shed light on the
spatial variations in the load-dependent fiber orientation &f-and DOA
within the MVAL tissue specimen.

Remark 8: Although the global histograms showed a bimodal distribution (Figs. 6b
and C2a), the distribution of the local results (see Figs. S3 and S4 in the
Supplementary material) was rather unimodal, indicating a high non-
homogeneity of the MVVAL tissue. Thus, the presented parameters of the
bimodal distributions in Egs. (4)—(5) are not directly suitable for local
applications, such as finite element modeling as described in [10, 72, 73],
but instead the quantified “pixel-wise” fiber direction and fiber dispersion
should be used.

3.3.2 Changes in the fiber orientation and DOA distributions of the MVAL
tissue samples under biaxial mechanical loading—The fitting parameters, the
coefficient of determination (/2) for each model fit, and the tissue stretches are presented for
each loading ratio in Table 2 for the first MVVAL sample, and in Table C1 for the second
MVAL sample. For both tissues, the distributions changed with the applied loading. In this
section we discuss these changes with respect to the distinct loading ratios. Note that these
results are specific to the two (n=2) representative MVVAL tissues examined in this study, and
are not intended to describe population-based microstructural features.

Changes in the CFAs of the MVVAL from the unloaded state to the equibiaxial loading
state: Although no consistent changes in the Ggp.r group centers/means (¢4 and ib») were
observed from the unloaded state to the equibiaxial loading state (F¢.Fz=1000 mN:1000
mN) across the two MVAL tissue samples we examined, consistent changes in the fiber
distribution group concentrations (x7 and x») were observed. Specifically, x; decreased with
the applied equibiaxial loading: for the first MVAL sample x1=0.347x1073 (unloaded) and
x1=0.148x1073 (equibiaxial loading) (Table 2), whereas for the second MVAL sample
x1=0.725 x1073 (unloaded) and x;=0.122x1073 (equibiaxial loading) (Table C1). In the
meantime, x, /ncreased with the applied equibiaxial load: for the first MVVAL sample
x,=2.42x1073 (unloaded) and x»=2.84x1073 (equibiaxial loading) (Table 2), whereas for the
second MVAL sample x,=1.03x1073 (unloaded) and x»,=8.42x103 (equibiaxial loading)
(Table C1). These quantitative concentration changes reflect the qualitative changes, as
observed in Figures 6b and C2a, where the spread of the first fiber group distribution
increased, and the spread of the second fiber group decreased from the unloaded state to the
equibiaxial loading state. Concurrently with the investigation of the CFA, the mechanical
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deformations of the tissue were determined by the BioTester. Under the equibiaxial loading,
the radial stretch A p,y0f MVAL Specimen #1 was 1.27, whereas the circumferential stretch
AcireWas only 1.17 (Table 2). Similarly, for the second representative MVAL tissue
specimen, the radial stretch A pzand the circumferential stretch A ;- were 1.34 and 1.19,
respectively (Table C1), revealing the anisotropic tissue mechanics and higher
circumferential stiffness as observed for heart valve leaflets in literature [74-76].

Changes in the CFAs of the MVVAL from the unloaded state to the radially-dominant
loading: When the radially-dominant loading protocol (F¢.F7=250 mN:1000 mN) was
applied, the first fiber distribution group exhibited consistent changes across the two MVAL
speciments. Specifically, 14 moved towards the tissue’s radial direction (6=90°) in
accordance with the radially-concentrated loading: for the first MVVAL tissue sample, 14
shifted from 49.1° (unloaded) to 78.1° (under radially-dominant loading) (Table 2), whereas
44 shifted from 72.8° (unloaded) to 89.8° (under Fo:F=250 mN:1000 mN) in the second
MVAL tissue sample (Table C1). Similarly, xy increased from 0.347x1073 (unloaded) to
0.917x1073 (under radially-dominant loading) (Table 2) for the first MVAL tissue sample,
whereas for the second MVAL sample, x;=0.725 x1073 (unloaded) increased to
x1=1.139x1073 (under radially-dominant loading) (Table C1). Unlike the first fiber group,
the changes in both the mean and concentration of the second fiber group between the
unloaded and radially-dominant loading states were observed to be minimal from the two
MVAL specimens examined. Comparing the quantified DOA between the unloaded and the
radially-dominant loading states, the mean DOA increased from 0.043 to 0.077 in MVAL
Specimen #1 (Table 2), and similarly from 0.034 to 0.061 in MVVAL Specimen #2 (Table
C2).

Changes in the CFAs of the MVVAL from the unloaded state to the circumferentially-
dominant loading: The circumferentially-dominant loading (Fo.Fz=1000 mN:250 mN)
caused changes in the second fiber distribution group. Specifically, 4, moved towards the
circumferential axis under this circumferential direction (6=180°) favored loading:
1>=151.1° (unloaded) and 1»=165.3° (under circumferentially-dominant loading) for the first
MVAL tissue sample (Table 2), whereas the observed change was less noticeable for the
second MVAL tissue sample, i.e., 1»=166.4° (unloaded) and 1»=167.0° (under F¢.FF=1000
mN:250 mN) (Table C1). Similarly, x, increased with the applied circumferentially-
dominant load, indicating the reduced variance of the second fiber distribution group: for the
first MVAL tissue sample, x,=2.42x1073 (unloaded) and x,=4.32x1073 (under
circumferentially-dominant loading) (Table 2), whereas for the second MVAL x,=1.03x1073
(unloaded) and x,=5.46x10~3 (under circumferentially-dominant loading) for the second
MVAL tissue sample (Table C1). Moreover, the mean DOA increased from 0.043 (unloaded)
to 0.086 (circumferentially-dominant loading) for MVVAL Specimen #1, and similarly from
0.034 to 0.082 for the second MVAL specimen. For both MVAL tissue specimens, the mean
DOA value under the circumferentially-dominant loading regime was comparable to that
under the equibiaxial loading (i.e., 0.075 and 0.089 for MVVAL Specimens #1 and #2,
respectively), which were both /Aigherthan the mean DOA under the radially-dominant
loading (0.077 and 0.061 for MVVAL Specimens #1 and #2, respectively).
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3.4 Quantification of the transmural CFAs for the MVAL tissue

The microstructure of an MVAL tissue sample was analyzed at various depths according to
Eq. (3). To provide further insight into these results, a cross-sectional histological view of a
representative MVVAL layered microstructure (using the Masson’s trichrome stain) is shown
in Figure 7a, where collagen fibers were stained in blue and each of the four
morphologically-distinct layers was labeled with its respective thickness [77]. In the present
work, an MVAL tissue specimen with a thickness of 0.87 mm was examined from the
atrialis-side considering various imaging depths (Fig. 7b). The unloaded tissue was first
imaged using the pSFDI system at each penetration depth from 225 um to 800 um (Fig. 7b),
then subjected to an equibiaxial load of F-/F7=1000 mN:1000 mN and imaged again with
the same pSFDI protocols (Fig. 7c). At the unloaded state, the fiber orientations showed a
substantial depth-variance. For example, the predicted fiber orientation changed from ~90°
at the shallowest imaging depth (225 pm) to ~0° as the imaging depth increased (cf. black
square in Fig. 7b). Similar depth-dependent variance in the fiber orientations were observed
in the upper-central region of the unloaded test (cf. black circle in Fig. 7b), where the
predominant fiber orientation changed from ~160° to a mixture of ~0° and ~70° fiber
orientations as the imaging depth increased. To further visualize the regional differences in
the transmural (depth-dependent) collagen fiber microstructures, each MVAL tissue domain
outlined in Figure 7c was further subdivided into 2x3 grids, and the distributions of Ggpe,
and DOA were plotted within each subregion (Figs. S5-S6 and Figs. S7-S8). These results
indicate that the spatial organization of collagen fibers may be different in the uppermost
atrialis layer from the inferior layers for the unloaded MVAL tissue (Fig. 7c, Fig. S5, and
Fig. S7). In contrast, these depth-dependent discrepancies were indiscernable when the
MVAL tissue was subjected to the equibiaxial loading (Fig. 7c, Fig. S6, and Fig. S8).
Specifically, the quantified fiber orientations in the loaded tissue were nearly independent of
the pSFDI-imaging depth over the spatial frequency range examined in this study (£=0.20-
0.71 mm™1). Our novel findings from the representative MVAL tissue specimen suggests
that, while fiber orientations may vary across the tissue layers at the unloaded state, the
collagen fiber orientations under equibiaxial loading may remain relatively uniform
throughout the tissue’s transmural (thickness) direction (Fig. 7c and Figs. S5-S6).

4 Discussion

4.1 General findings

4.1.1 Opto-mechanical testing on tendon tissues—This study has demonstrated
the capability of an integrated biaxial pSFDI instrument to quantify the collagen
microstructures of soft collagenous tissues under various mechanical loading conditions.
Because pSFDI is a recently-established technique, the first goal of this study was to provide
verification of the developed pSFDI system’s capabilities. The performance of our pSFDI
system was assessed through imaging of three bovine tendon samples, each oriented with a
different preferred fiber direction (Fig. 3). An existing theoretical framework [33, 78] was
applied to the pSFDI results of the tendon samples, with the accuracy of the 3-term cosine
Fourier fitting validated by the local goodness-of-fit (R220.994) of Eq. (1) to the acquired
intensity data. The quality of this fitting supported the extraction of the local fiber
orientation Gy, from the acquired pSFDI data. The B, predictions were also found to be
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spatially consistent throughout the tissue’s domain (Fig. 3c), further verifying our pSFDI-
based predictions given the known spatial-consistency of tendon tissues [79].

To further examine the use of DOA to represent the local degree of fiber alignment, a single
tendon tissue sample oriented at ~52° under various uniaxial loads was considered. As
predicted, the axial loading resulted in an increase in the magnitude of the tissue’s optical
anisotropy (Fig. 4b), which correlated with the known extension and reorientation of
collagen fibers in uniaxially-loaded tendon tissues [80]. The magnitude of such an optical
anisotropy was captured in the DOA metric, which increased from 0.149+0.032,
0.169+0.037, 0.188+0.045, to 0.198+0.056 (mean+SD) for a bulk tendon tissue region (Fig.
4d) under 0%, 1%, 2%, and 3% longitudinal strains, respectively. This substantial change in
the DOA was accompanied by the relatively minimal change in the fiber orientation, with an
average fiber orientation e, a1, differing by only 1.1° between all the considered loading
states. Owing to its correlation with the straightening, extension, and re-orientation of the
collagen fibers, the DOA could be used as a relative measure of the local collagen fiber’s
degree of alignment. The DOA metric showed that the specific loading pattern used caused
uneven changes in local collagen fiber DOA in the tendon sample, as evidenced by the
observed bands of higher DOA values in the direction of the applied loading (Fig. 4c).
Correspondingly, during testing it was observed that the loading caused transverse creases
and wrinkling in the tendon tissue, where fiber bands under higher loading tended to rise
above the other tissue regions. This non-uniformity in collagen fiber recruitment was
captured by the pSFDI results (Fig. 4b,c) for the uniaxially-loaded tendon tissue. These
important findings support the validity of our developed pSFDI system and its underlying
theoretical framework—the use of Egs. (1) and (2) to extract the collagen microstructural
architecture, i.e., Gfjporand DOA.

4.1.2 Imaging of the load-dependent collagen microstructure for
representative MVAL tissue samples—Our first study considering the MVAL tissues
examined how the tissue’s CFA changed when the tissue was subjected to varied biaxial
loading conditions. Through pSFDI imaging, it was revealed that the collagen fiber
orientation within the MVAL leaflet was spatially-varied under the unloaded state (Figs. 5b
and C1b), and that the CFA changed heterogeneously throughout the tissue domain,
depending upon the dominant direction of the applied biaxial loading (Figs. 5¢c— and Clc—
e). These observations regarding the atrioventricular heart valve leaffet were inconsistent
with the results of previous assessments of the semilunar heart valve leaflets [45, 81].
Specifically, the prior studies used SALS techniques to examine the aortic and pulmonary
valve leaflet tissues under pressure loading, finding that the loading caused approximately
uniform changes in the local degree of alignment of the collagen fibers, but relatively minor
changes in the local fiber orientations. The discrepancies between these existing results and
the present study may arise from two potential sources: (i) the inherent differences in the
microstructural composition between the semilunar valve (i.e., the aortic valve and
pulmonary valve) leaflets and the mitral valve anterior leaflet (one of the atrioventricular
heart valve leaflets); and (ii) the distinctions of the applied loading condition, i.e., pressure
loading for the studies by Sacks et a/. (1998) and Joyce et al. (2009) [45, 81] versus the
controlled biaxial mechanical loading in the present study. Previous mechanical loading
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studies have shown that the loading form can significantly impact the observed mechanical
responses [82-84]. It is likely that different mechanical loading conditions may cause
distinct load-driven microstructural changes, contributing to the discrepancy in the observed
CFAs.

Additionally, under certain biaxial loading conditions, primarily the unloaded, the
equibiaxial loading (F¢-F7=1000 mN:1000 mN), and the radially-dominant loading
(FcFR=250 mN:1000 mN) states, it was found that most of the distributions of the
quantified fiber orientation Gy, exhibited a bimodal characteristic (Figs. 6 and C2). The
distribution of G, under each loading protocol was thus modeled via a bimodal von Mises
distribution (cf. Section 3.3.1). The center 4 of the first fiber group varied between 0° and
90° for both MVAL tissue specimens in response to the applied loading. Specifically, (4
moved towards the tissue’s radial direction (6=90°) under radially-dominant loading
(FcFR=250 mN:1000 mN), and similarly towards the circumferential direction (6=0° or
180°) under circumferentially-dominant loading (F-.:F7=1000 mN:250 mN). In contrast, the
center /4 of the second fiber group was found to be relatively consistent for both MVAL
tissues examined, ranging between 151.1° and 167.0° under all the examined loading
conditions. In other words, this second fiber distribution group represented fibers
consistently oriented nearer the circumferential direction (6=0°) than the radial direction
(6=90°), whereas the preferred tissue direction of the first group varied on the basis of the
loading state. It was further observed that loading scenarios with the applied forces
concentrated in the circumferential direction (F¢Fz=1000 mN:1000 mN and F-:Fz=1000
mN:250 mN) resulted in higher DOA values than the radially-dominant loading protocol
(Fe:Fr=1000 mN: 250 mN) (Figs. 6¢c and C2b).

These results describe the load-dependent CFA changes across the heterogenous MVAL
tissue samples (Figs. 5 and C1). To comprehensively investigate the spatial heterogeneity of
the load-dependency, the MVAL tissue domain was subdivided into 4x4 regions (Figs. S2—
S4). Through this further analysis, several load-dependent CFA trends were exhibited in
different regions. For example, although the DOA values under the radially-dominant
loading were on average lower than those under the circumferentially-dominant loading,
they were higher under the radially-dominant loading in certain regions—the top right of the
MVAL Specimen #1 (Fig. S3d) and the bottom left of MVAL specimen #2 (Fig. S4d). These
intricate spatial differences may suggest re-evaluation of the common expectation that fibers
in the heart valve leaflets are predominately oriented in the tissue’s circumferential
direction, and that biaxial loading imposes a relatively homogeneous strain state within the
tissue. Similarly, these spatial distinctions in the load-dependent CFA’s are not readily
quantifiable at a wide field of view (e.g., 10x10 mm) by other existing collagen imaging
systems, and affirm the uniqueness of our study.

Through the depth-modulation capability of the pSFDI system, our study showed that the
collagen fiber orientations in the representative MVVAL exhibited transmural variance at the
unloaded case, compared to a nearly homogenous fiber orientation throughout the tissue
depth when the MVAL tissue was subjected to equibiaxial mechanical loading. These novel
results suggest that, while the microstructure of the MVAL exhibits a proclivity towards the
circumferential direction, the collagen fibers are neither consistently nor uniformly aligned
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in a single direction, especially with regard to the differences between the layers and the
spatial differences (as further illustrated in Figs. S5-S6 and Figs. S7-S8). These findings are
supported by a recent biaxial mechanical testing study which found distinct mechanical
properties in each atrioventricular valve leaflet layer [59]. Through this SFDI-driven
approach, the spatial and transmural distribution of the load-dependent collagen fiber
orientations and DOA of the MVAL tissue were investigated for the first time. The utility of
the integrated biaxial pSFDI opto-mechanical instrument is evinced by such broad and novel
investigations. Studies employing similar techniques may provide comparable quantitative
measures of transmural variance in the collagen fiber architecture for soft collagenous
tissues under arbitrary mechanical loading.

4.2 Relationship between the CFA and tissue mechanics in the MVAL

Our study, which is the first of its kind with the MVAL tissue, revealed the complexity of
load-dependence in the microstructure of the MVAL tissue samples. These quantified
microstructural attributes can shed light on many of the phenomena observed in mechanical
studies on the MV leaflets, such as the material anisotropy, nonlinearity, and the observed
spatial variations [85-87]. Our study also revealed that, although the collagen fibers in the
MVAL are not perfectly oriented in the circumferential direction, the fibers demonstrate a
predominant circumferential orientation even under preferential loading in the radial
direction (Figs. 5d and C1c). This circumferential tendency corresponds to the higher
circumferential stiffness and material anisotropy in the mechanical response of the heart
valve leaflets (cf. the tissue stretch values in Table 2 and Table C1). Moreover, in terms of
the spatial differences in tissue microstructures, our study demonstrated that the
microstructures of the MVAL tissue sample were generally spatially heterogenous regardless
of the applied loads (Figs. 5 and C1). The observed microstructural heterogeneity in the
MVAL (Figs. S3-5S4, Figs. S5-S6, and Figs. S7-S8) echoes the previous findings of the
differences in the mechanical properties across different MVVAL regions [85]. In addition to
the material anisotropy and the regional variance, ongoing studies in our lab are using this
integrated opto-mechanical instrument to examine the microstructural basis for the nonlinear
mechanical response of the heart valve leaflets. Our preliminary results from our pilot study
suggest that after a large amount of deformation and fiber realignment, indicated by the toe-
region of the stress-strain curve, the CFA reaches a “terminal” point and will remain
relatively unchanged upon further loading. This cessation of the microstructural change
corresponds to a rapid stiffening in the tissue mechanics, thus enforcing the observed
nonlinear mechanical curves. Thus, quantifying the load-dependent microstructure in
membranous, collagenous tissues like the MVAL can allow explanation of the tissue
mechanics from a microstructural basis. This deeper comprehension of the microstructure
behind the tissue’s mechanical properties will be essential for improving the understanding
of the diseased tissue states and for enriching computational models of the heart valve
function [73, 88].

4.3 Study limitations and future work

4.3.1 Limitations of the existing integrated opto-mechanical instrument—
Despite the general accuracy of tendon tissue microstructural predictions, some local
incorrect predictions existed. These mispredictions may be attributed primarily to the rough
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sample surfaces rather than any systemic prediction biases. For example, during one of the
tendon imaging experiments (with results depicted in the middle sample of Figure 3c), it was
observed that the tissue was not completely flush against the microscope slides, especially in
the right region of the tissue. The resulting non-smooth surface caused specular reflections,
potentially leading to the incorrect fiber predictions. The systemic preference for a smooth
sample surface was manifest further in the uniaxial testing on bovine tendon, where
striations of mis-predictions of ~140° along the direction of the applied force were possibly
caused by heterogeneous loading along the tissue width (Fig. 4b and Fig. S1). In addition, it
was observed that loading caused collagen fiber bundles to be nonuniformly recruited, and
thus form an uneven surface geometry, further contributing to the inaccuracies. This
observation was supported by the DOA predictions for the loaded tissue, which show
substantial spatial differences in fiber recruitment (Fig. 4c).

The surface effects found in the tendon analysis did not persist into the study of the MVVAL
microstructure due to the smooth leaflet surface and the PBS bath. However, because the
MVAL tissues were kept hydrated in a solution bath during testing, we observed minor
pointwise irregularities in the MVAL predictions due to impurities drifting on the surface of
the PBS solution. We also observed some specular reflections from the surface of the PBS,
but these “bright spots” were outside of the tissue domain (Fig. 5a). This issue could be
mitigated via minor adjustments of the incidence angle of the pSFDI system with respect to
the bath surface. Another experimental limitation was the use of the BioRake-based
separation distances to determine the tissue stretches. In biaxial mechanical testing
experiments, fiducial markers are typically placed on the tissue sample and tracked to
compute the strains experienced by the tissue [64, 89, 90]. Due to optical interference,
fiducial markers were not applied to the MVAL samples in this study, and we were thus
unable to quantify the more accurate strain field of the tissue. The presented tissue stretch
values may still serve as a good approximation to the tissue strain state. If a more accurate
strain field was needed, finite element modeling, such as the one used in [91], could be
applied with local anisotropic constitutive models based on the measured results. Finally,
caliper-based thickness measurements presented in this study depend on the amount of force
applied during the measurement, which may not be as accurate as other non-contact
measurement techniques, such as the optical coherence tomography and a video-
extensometer.

In the spatial frequency study (Study B), some banding appeared in the B, predictions of
the unloaded tissue at the higher spatial frequencies (Fig. 7b). Since one of the purposes of
demodulating the 3 phase-shifted initial images into the AC image is to ensure a uniform
illumination, no indication of the projection pattern should appear in the resultant images.
These bands did not appear at lower spatial frequencies, nor in the loaded tissue predictions
(Fig. 7c). While our captured intensities encode predominantly information from the sample,
a small amount of light that was reflected from the surface of the polarizer and captured by
the camera. For larger spatial frequencies and more reflective samples, this minor reflection
was negated by the signal from the tissue. Nevertheless, at high spatial frequencies and for
samples with relatively weak birefringence signals, the reflected light from the polarizer
may have caused the non-sinusoidal, skewed intensities in the phase-shifted images, leading
to banding in the AC combined images. These minor errors could be remedied by systemic
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normalizations and improved calibrations, like those described in the recent study by Goth et
al. (2019) [35], or by restricting the incident spatial frequency to a given range. Despite the
appearance of these bands, our system was able to capture the transmural changes to the
microstructure that accompanied the loading in the representative MVAL tissue specimen.

4.3.2 Future improvements to the integrated biaxial pSFDI instrument—Like
other emerging techniques, the pSFDI modality will presumably see a variety of
improvements in the coming years. Recently, one such contribution came from Goth et a/.
(2019) [35], who developed a model to directly and quantitively relate the optical
birefringence captured by the pSFDI system to the local dispersion of the collagen fibers via
Monte Carlo simulations of light transport in the tissue media. Similar modeling approaches
may lead to more accurate depth-modulated imaging and subsequently to a more precise
characterization of layer-specific microstructures in soft collagenous tissues. Another
improvement to the pSFDI modality may emerge from hardware advances, leading to
increases in the imaging speed. Fundamentally, there should not be limitations on the pSFDI
from sub-second acquisition time; the difficulty arises from the electrical and mechanical
implementations of such a rapid imaging system. Despite this difficulty, a sub-second
acquisition time would allow analyses of multiple mechanical and microstructural properties
of soft collagenous tissues, including local fiber affine behaviors and CFA changes under
stress relaxation testing. Furthermore, achievement of sub-second imaging speeds for the
pSFDI system could allow quantification of changes to heart tissue microstructures at
deformation rates approaching those experienced /n vivo [44, 74].

4.3.3 Future investigations on tissue’s microstructure—The integrated biaxial
pSFDI instrument was able to monitor the changes in the local fiber networks in response to
varied biaxial mechanical loads. This novel capability is a powerful tool for providing new
insight into the tissue’s fiber microstructures. Subsequent studies may be warranted to
analyze: (i) the previously-impenetrable mechanical phenomena from a microstructural
standpoint, such as the preconditioning effect, the stress-relaxation effect, and the
nonlinearity in the collagenous tissue’s mechanical responses; (ii) the transmural differences
in the collagen fiber architecture kinematics in layered tissues, through the SFDI technique;
and (iii) the load-dependent microstructures in a variety of planar collagenous tissues. For
example, to the best of the authors’ knowledge, no existing studies have quantified the
microstructures of the tricuspid valve leaflets, with scholarly attention traditionally paid to
the aortic, mitral, and pulmonary valve leaflets despite the prevalence and detriment of
tricuspid valve diseases [47, 63, 66, 85, 92, 93]. Future studies could include opto-
mechanical characterizations of the tricuspid valve leaflet tissues (with a statistically-
meaningful sample size) or other non-valvular soft collagenous tissues, such as skin, arteries
or the gastrointestinal wall, to build a population-based understanding of the features of the
tissue-specific collagen microstructures as a function of the mechanical loads. Through
quantifications of the microstructural changes of tissues under loading via integrated pSFDI
imaging, an improved understanding of the tissues’ physiological behaviors could be gained.

4.3.4 Applications of CFA quantifications towards medical practice—There are
several potential applications of the load-dependent microstructural quantifications derived
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from pSFDI towards medical practice. Firstly, the system described herein and similar
devices have direct applications towards evaluating the load-dependent properties of
experimental replacement of biomedical membrane materials, especially as they relate to the
properties of the native biological tissues. These investigations would allow improved
understanding and prediction of the material behavior /n vivo. Additionally, the capabilities
presented herein will allow explorations of other clinically-relevant phenomena, such as
collagen fiber crosslinking in replacement valvular biomaterials and collagen calcification in
heart valve conditions, and the extent to which these permanent microstructural changes
impair collagen fiber reorientation in response to mechanical loading. Similar investigations
could inform therapeutic efforts such as the synthesis of the collagen ECM within tissue
engineered constructs and the development of multi-scale structure-based computational
models [10, 72]. Regarding modeling, the load-dependent quantifications provided by the
integrated biaxial pSFDI instrument may be incorporated into novel constitutive models of
tissue level behavior to allow predictions of a range of tissue mechanics based on the
underlying microstructure [94]. This ability to predict mechanics from microstructure could
have powerful applications in both biomaterials’ selection and tissue engineering
applications.

4.4 Conclusion

This study contributes to the fields of biological tissue imaging and biomechanics, with the
contributions summarized as follows: (i) development of a novel integrated instrument
combining a pSFDI system with a biaxial mechanical tester for load-dependent
microstructural quantifications; (ii) verification of the integrated opto-mechanical instrument
through imaging on bovine tendon tissue samples; (iii) presentation of the local and bulk
microstructural properties of collagen fibers in the representative MVAL tissue samples
under various biaxial loading conditions, providing examples of the unique microstructural
quantification capabilities of the integrated opto-mechanical instrument. Following this
presentation of results, we provided a transparent assessment of the strengths and
weaknesses of the system. We have also discussed future paths to remediate the system’s
shortcomings alongside research extensions that could improve the diagnosis and treatment
of collagenous tissue diseases through integrated mechanical and microstructural studies.
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Appendix A:: Overview on the Birefringent Collagen Scattering Theory and
Derivation of the pSFDI Intensity Relationship (Eq. (1))

In this Appendix, we describe the polarization of light as it passes through the pSFDI
system. In that process, we derive the Fourier cosine series form used to fit the reflected
intensity curves (Eq. (1)) and relating the sample’s optical properties to the Fourier fitting
terms.

To illustrate changes to light polarization in the pSFDI system, we employ a standard
Stokes/Mueller approach wherein the intensity and polarization state of light is contained
within a 4x1 Stokes vector [S]. The first element of [S] denotes the light intensity and the
subsequent three elements represent the light polarization. In the system, the action of each
optical component is represented by its respective Mueller matrix [M#*4]. At each interface,
the incident Stokes vector is multiplied by the acting component’s Mueller matrix to yield a
modified Stokes vector describing the light after interaction. For simplicity, the optical
behavior of any system can be condensed via multiplication of the sequential Mueller
matrices to reduce to a single system matrix. For example, the entire polarization behavior of
the pSFDI system, considering a local reference frame and a polarization angle Gpp/zrizer Can
be expressed by

[Sout] = [MpSFDI(afiber’ apolarizer)] [Sin]’ (A1)

where [S;;] and [S,,,] denote the Stokes vectors of the incident and output light,
respectively, and [Msrp/] is the Mueller matrix describing the behavior of the pSFDI
system associated with polarizer transmission axis at Gpe/arizer and the sample with a fiber
angle of Ggpe To derive the complete behavior of the pSFDI system, we can decompose the
Mueller matrix into constituent components, i.e.,

[MpSFDI(efibers epolarizer)] = [Mpol(_ 9polarizer)] [Msample(afiber)]

[Mpoi(Bpotaizer) | (A2)

where [M pof Gposarizer)] denotes the Mueller matrix of the linear polarizer at angle Gpo/arizer
and [M sampie Friver)] is the Mueller matrix of reflection from the fibrous sample considering
fibers with angle B Note, as light passes through the polarizer the second time, Gpo/arizer
is reversed to account for the reflected reference frame. For mathematical simplicity, we can
modify Eq. (A2) by adopting the rotating polarizer as the reference to yield a new Mueller
form for the pSFDI system, i.e.,

[Sout] = [Mpol(_ epolarizer)] [Msample(efiber)] [Mpol(epolarizer)] [Sin] . (A3)

To solve this equation, quantifications of the Mueller matrices of the linear polarizer
[M poA Opotarizen], oriented along the x-axis, and the fibrous sample [M sap/e Ofiper)] With
fibers/optical anisotropy aligned along the same direction are needed. Thus,
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Ml = 100 v <R ° (a9
Pl =210 0 0 o L sample 0 0 y1 - Dcos(8) /1 — D2sin(s)|
0000 0 0 /1= D?sin(8) y1 — D*cos(5)

where Ris the average reflectance from the sample, and Dand & are the sample
diattenuation and phase retardance, respectively, arising from the fiber geometry and
considering principal diattenuation and retardance axes aligned with the x- and y~directions,
respectively.

When examining rotations of the sample fibers from the polarizer’s reference frame, we first
note that the rotations in the fiber angle B¢ are equivalent to the rotations of [M sappze] by
an angle of Ope. Furthermore, it is noted that a rotation of the linear polarizer by Gpo/arizer
is equivalent to a rotation to [M gzmp/el by an angle of -Gpo/arizer When viewed from the
polarizer’s moving reference frame. Therefore, we arrive at a modified Mueller form, i.e.

Msample(efiber’ epolarizer)] = [Rrot(gpolarizer)] [Rrot(_efiber)] [Msample(efiber)]
Rrot(efiber)] [Rrot(_epolarizer)] (A5)
= [Rrot(epolarizer - efiber)] [Msample(efiber)] [Rrot(efiber - opolarizer)]’

where [R,, is the planar rotation matrix, which takes on the form

1 0 0o O
0 cos(26) sin(20) 0
0 —sin(26) cos(26) 0|
0 0 0 1

[Rrot(e)] = (A6)

By assuming the unpolarized incident light [S;;] = [1,0,0,0]7, and by using Egs. (A5) and
(AB), we can solve for [S,,4] according to

Sl _

Tsys

3 1 1

5+ 5\/1 — D’cos(8) + 2Dcos(2(0fiver — Opolarizer)) + 5[1 —y1- D2c05(6)]c0s(4(0f,-,,e, = Opolarizer))

3 1 1

5+ 5\/1 - D2cos(5) + 2Dcos(2(9f,-be, - Hpolar,-zer)) + f[l —1= D2c0s(5)]cos(4(0ﬂ[,er - Gpglarizer)) (A7)
0
0
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where zgis a systemic coefficient depending on the sample reflectance R, the polarizer
attenuation, the aperture of the camera, and other non-birefringent optical modifiers. The
first term in [95] describes the intensity /,,;captured by the pSFDI system, which can be
represented by a 3-term Fourier cosine series as provided in Eq. (1).

This form allows a quantification of the sample’s fiber orientation via Fourier fitting of the
experimental intensity data. It is important to note how the sample optical properties, i.e., D
and &, are implicitly embedded in the Fourier coefficients, i.e.,

ap=1+ %Vl - chos(é), ay=2D, anday = %[1 —y1 - chos(é)]; (A8)

or equivalently

-3
Do smcor | 03| o
2T (ap+as)” — a3
By clarifying the relationships between sample diattenuation, retardance, and the three
Fourier terms, we establish the basis and validity of the Fourier approximation provided in

Eq. (2).

Remark Al: The light reflection at the sample interface was not considered in the
Mueller formulation described in Eq. (A5). Because the Mueller matrix
[Msampre] of a fibrous tissue sample is equivalent in both transmission
and reflection modes, leading to the same form of /,,; it is trivial to
consider reflection of the light coordinate system at the sample interface.
If interested, the reader is encouraged to follow the aforementioned
approach with inverted [R .4 to consider reflection at the sample
interface and derive the same form for /,,;

Appendix B:: SFDI theory and Derivation of the AC Image Penetration

Depth Relationship

SFDI is a near-infrared planar imaging technique that enables rapid quantification of the
tissue properties over a broad FOV. Although SFDI has been widely used towards the
quantification of the tissue’s optical properties and oxygenation biomarkers [96, 97], our
study implements SFDI to moaulate the depth of our microstructural investigations [98]. Our
implementation of SFDI entails a projection of three spatially-modulated unidimensional
sinusoidal intensity patterns over a large region (cm-scale). The patterns share the desired
spatial frequency £, but each exhibits a unique linear phase shift of 0°, 120°, and 240°. The
reflected images from each projection pattern are then sequentially captured by a CCD
camera and denoted as pixelwise /fye, f29°, and hage, Nnamed according to the respective
phase shift of the projection. Then, the pixel-wise intensities extracted from the images are
combined according to two conventions: the DC intensity /pcwhich provides equal
weighting for each reflected photon by representing the conventional diffuse reflectance
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image, and the AC intensity /4, which emphasizes the differences between the spatially-
modulated intensity patterns /ye, /120°, and hage:

_ Moo+ Inoge + Ioage
Ipc= 3 A ac

2 2 2 2
= g\/(loo = I120°)" + (I120° = T240°)" + (T240° — Ioe)”

(BD)

Due to photon absorption and scattering events within the sample, both DC and AC spatial
intensity maps (or images) predominantly contain information above an effective penetration

depth 53? or 5?}%. These two penetration depths correspond to the positions, where the

intensity of electromagnetic radiation inside a sample, as measured by the respective
convention in Eq. (B1), falls to 1/e ~ 37% of its incident value. Here, eis the Euler number
and the light attenuation rate is described by the Beer-Lambert law [99]. Similar to typical

planar projections, (Se]}? exhibits a simple dependence on the sample optical properties
according to

DC 1

0, = B2
et/ 3ﬂa(/4a + ,“s) (52

More specifically, the DC penetration is solely limited by the photons’ ability to penetrate
the sample, and it is quantified by the tissue bulk optical properties, i.e., the absorption
coefficient , and the reduced scattering coefficient 1”5 This simple dependence renders the
DC convention ineffective for interrogating a given tissue sample at varied imaging depths,
because the effective depth of the DC image has no dependence on the projected pattern. In

contrast, the aﬁﬁ exhibits a dependence on both the tissue optical properties arndthe spatial
frequency f, of the incident projection pattern according to

1
\/3/"a(ﬂa + ) + (27l'fx)2 .

AC
Oeff = (B3)

This multivariate depth dependence arises from two factors: (i) the AC intensity’s propensity
to capture reflected photons that retain the incident spatial pattern, as reflected in the form of
Eg. (B1), and (ii) the dependence of the rate of signal attenuation on the spatial frequency of
the incident pattern (Fig. Bla and Fig. B1b). Furthermore, at high spatial frequencies
relative to the tissue optical properties, the AC penetration depth depends solely on the
spatial frequency of the incident pattern (see Eq. (3)), which provides an approximate image
penetration depth /ndependent of the sample’s optical properties.

If shown to be valid for a class of tissues with known ranges of bulk optical properties, this
valuable simplification allows a command of the image penetration depth via the control of
fassociated with the projected patterns. For example, to examine the validity of the

imaging depth approximation for the feart valve leaffets analyzed in this study, we
compared Egs. (B3) and (3) graphically using the previously-obtained optical properties of
14:=0.07 mm~1 and ’=3.00 mm~1 for tendon tissues, 11;=0.08 mm~1 and 1 "=1.96 mm~1 for
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skin tissues, and ££;=0.03 mm~t and y"=2.19 mm~1 for pericardial tissues (Fig. Bic) [100,

101].

Remark B1: Note that the optical properties of the tissues used in this example are
taken from similar tissues, because the valve leaflet’s properties were not
readily found in the existing literature. As shown in Figure Blc, the
approximation of the imaging depth by Eq. (3) should theoretically be
valid over the projected spatial frequency ranges considered in this study

(Fig. 7).

fra =020mm™?

Penetration Depth

fr2=032mm™?

fx,3

(5:;2 = 0.50mm

8 = 0.80 mm

G

Figure B1 —.

8y =023mm

€]

(c)

Penetration Depth (mm)

6AC

eff;2

fr3 = 0.68mm™?

N

=== Tendon (Eq. (B4))

=== Skin (Eq. (B4))

=== Pericardium (Eq. (B4))

— Analytical Model (Eq. (B3))
Range Examined

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Spatial Frequency f,, (mm")

Diagrams exploring the relationship between f,and 535. The varied attenuation of three

spatial frequency (7 1-3) intensity patterns showing the AC penetration depths (5?}}7 1-3)

according to Eq. (3) from (a) the trimetric view and (b) the side view. (c) Plot comparing

estimated penetration depths from the analytical model (Eq. (B3)) for selected tissues [100,
101] and the approximate model (Eq. (3)) with the spatial frequency £, highlighting the 7
range used in this study (cf. Fig. 7).
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Appendix C:: Results of Collagen Microstructural Imaging for Another
MVAL Tissue Specimen

This appendix presents the quantified collagen fiber architecture of another MVAL tissue
specimen under various biaxial tensions (Figs. C1 and C2). The sample preparation and
imaging procedures used in this analysis are described in Study A (Section 2.5) and are the
same procedures used in producing the results shown in Figures 5 and 6, albeit considering a
different MVAL tissue. Parameters for the distribution fitting, as shown in Figure C2, are
included in Table C1.

Table C1 —

Distributions of the CFA in the MVVAL Specimen #2 with the bimodal fiber orientation Ggpe,
fitting, as described by Eq. (4) (cf. Fig. C2a). Anisotropic tissue stretches, pixel sizes for the
tissue regions, and descriptive statistics for the DOA distributions (cf. Fig. C2b) with respect
to each biaxial loading state.

Bimodal von Mises Distribution Fit to the Gne, Histograms (cf. FIG. C2A)

FciFr Hy (deg.) | % (x1079) w Mz (deg.) | = (x1079) R?
0 mN:0 mN
(Post-Preconditioning) 72.8 0.73 0.52 166.4 1.03 0.875
1000 mN:1000 mN 71.6 0.12 0.56 166.1 8.42 0.903
250 mN:1000 mN 89.8 114 0.53 164.3 242 0.813
1000 mN:250 mN 28.3 0.11 0.50 167.0 5.46 0.971

Tissue Stretch DOA Descriptive Statistics

Pixels in Tissue ROI (cf. Fig. C2b)
Fc:Fr Acirc ARad mean SD skewness
e ot M o | 1o 1.00 545x505 0.034 0.015 0.800
1000 mN:1000 mN 1.19 1.34 649x797 0.075 0.047 1.358
250 mN:1000 mN 1.06 1.38 578x821 0.061 0.032 0.620
1000 mN:250 mN 1.24 1.19 676x708 0.082 0.051 0.678
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Figure C1 —.
Demonstration of microstructural quantifications of another representative porcine MVAL

specimen (thickness=0.87 mm) from the integrated opto-mechanical system (example I11):
Predictions of By, (White streamlines) and the DOA for the MVAL tissue specimen #2: (a)
after preconditioning, and (b)-(d) under various biaxial tensions. Note that the results, as
presented in this figure, were from another MVAL tissue specimen different from the one for
which the results are presented in Figure 5.).
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Figure C2 —.
Digstributions of Bfperand DOA predictions from the MVAL biaxial testing in Figure C1:
Histograms of (a) the distributions of the predicted 8, together with the corresponding
bimodal von Mises distribution fit (Eqg. (4)), and (b) the predicted DOA. The parameters of
the fit are summarized in Table C1, where the distributions were obtained from all the pixels
within the ROI. Note that the results, as presented in this figure, were from another
representative MVAL tissue specimen different from the one for which the results are
presented in Figure 6.).
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Figure 1 -

(a§J Schematic of a co-polarized pSFDI system, showing the optical components, the passage
of light, and the scattering from the fibrous tissue microstructure. (b) An illustration of the
birefringent reflected intensity response (Intensity vs. Gpo/arizer) for an example fiber with an
orientation angle Of¢~90° and a polarizer angle Gppyzrizer defined on the polar axis with the
same reference.
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Figure 2 —.
Trimetric and side views of the integrated opto-mechanical system. The arrows in the side
view indicate the passage of light through the system using the co-polarized setup.
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Microstructural quantifications from the pSFDI system: (a) DC intensity images for three

bovine tendon tissue specimens, with the expected Ggpeaccording to the tendon’s

preferential axial direction, i.e., 122.7° (top), 55.1° (middle), and 20.4° (bottom). Red circles
denote the single-pixel locations associated with (b) DC intensity responses, together with
the 3-term Fourier series fit (Eq. (1)) for quantifying Bfper; () colormaps of the predicted
OBriperassociated with each tendon tissue sample. Rectangle outlined in dashed white lines
denotes the area of averaging (cf. Section 3.1). Note that pixel intensities in (b) were stored
as unsigned-8-bit integers (range 0-255).
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Figure 4 —.

ngonstration of microstructural quantifications from the integrated opto-mechanical
system (example 1): (a) Experimental raw images of one bovine tendon tissue specimen
(thickness=1.25 mm), and the predictions of (b) Gsperand (c) the degree of optical
anisotropy (DOA) at 0% and 3% longitudinal strain e. (d) Predicted DC intensity responses
obtained by spatially averaging over the region outlined by the red rectangle, as shown in the
inlet, of the bovine tendon tissue specimen subjected to 0%, 1%, 2%, and 3% longitudinal
strains. Note that pixel intensities in (d) were stored as unsigned-8-bit integers (range 0—
255).
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ﬁmoo mN

Figure 5 —.

ngonstration of microstructural quantifications from the integrated opto-mechanical
system (example I1): (a) Schematic of the representative porcine MVAL specimen
(thickness=0.75 mm) mounted to the BioTester and the DC image showing the biaxially-
loaded region (Circ.: tissue’s circumferential direction, Rad.: tissue’s radial direction).
Predictions of g, (White streamlines) and the DOA for the MVAL tissue specimen #1: (b)
after preconditioning, and (c)-(e) under various biaxial loads.
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Distributions of Bgpe-and DOA predictions from the MVAL biaxial testing in Figure 5: ()
Testing image of the MVVAL with the region of interest (ROI) outlined by red rectangles and
biaxial loads labeled. Histograms of (b) the distributions of the predicted &y, together with
the corresponding bimodal von Mises distribution fit (Eq. (4)), and (c) the predicted DOA.
The parameters of the fit are summarized in Table 1, where the distributions were obtained
from all the pixels within the ROI.
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Figure 7 —.

Dgpth-modulated microstructural predictions from the integrated opto-mechanical system.
(a) Histological image illustrating the four morphologically distinct layers of a typical
porcine MVAL tissue (image modified from [87]). Predictions of &fjpe,from the AC
intensities for a representative porcine MVAL tissue sample (thickness=0.87 mm) at various
penetration depths associated with different spatial frequencies 7, as determined by Eq. (3);
(b) after preconditioning, and (c) under equibiaxial tension loading of 1000 mN in both the
circumferential and radial directions. Predictions from the DC intensities (bottom) are also
included to compare the orientation predictions extracted from the “entire” optical thickness.
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Comparison of existing collagen fiber quantification techniques [19-21, 26-28, 30, 31].

polarized Spatial Frequency Domain Imaging (pSFDI)

Quantitative-Polarized Light Microscopy (Q-PLM)

Imaging Time

Order of minutes, potentially shorter with improved
hardware and lower resolution

Single image capture in seconds, usually requires images at
various polarizations

Capture Method

Series of intensity images with varied projection pattern
and polarization state

Arbitrarily magnified image capture at varied polarization
states

resolution

Field of View Varies by lens, as large as desired, on a typically order of Varies by lens (on a typically order of pm-mm)
(FOV) cm
Resolution Dictated by pixel-size of images and number of Varies by lens used, sample thickness, and number of
polarization states captured polarization states captured
Contrast oo . Birefringence of collagen fiber structure, transmission-
Mechanism Birefringence of collagen fiber structure, reflectance-based hased, often enhanced via stain
Small Angle Light Scattering Techniques (SALS and Second Harmonic Generation
SAXS) (SHG) Microscopy
Imaging Time Order of hours, depends on the size and the desired Single image capture on order of minutes

Capture Method

Rasterized scanning with image capture at each raster
point

Second harmonic frequency generation and capture at each
pixel of final image

As large as desired, typically at the cm-scale for SALS,

Initial images on the order of um; reconstructed images on

typically seconds to minutes

a4 smaller for SAXS due to time limitations the order of 100 um
Resolution Dependent on the depth-averaged diffusion, incident beam | High resolution, capable of resolving individual collagen
size and wavelength (SALS: ~pm, SAXS: ~nm) fibrils
Contrast Anisotropic light scattering signatures of fibrous structures | Birefringent molecular hyperpolarizability among fibers/
Mechanism extracted from transmitted light profiles fibrils alongside frequency-doubling nonlinear phenomena
Confocal Microscopy Histological Methods
Imaging Time Depends on the specimen size and desired resolution, Single image capture on the order of milliseconds

Capture Method

Laser scanning approach with intensity captured at various
tomographic planes

Traditionally analyzed with standard microscopy methods;
intensity image capture

Can achieve a mm-scale through laser-scanning methods,

Typical images on the order of pm, depends on the

Fov otherwise at the um-scale associated eyepiece and objective lenses

Resolution A pm-scale in both the spatial and transmural directions, Depends on the magnification of the associated objective;
through restriction of captured light to focal plane capable of resolving individual collagen fibrils

Contrast Reflectance and absorption differences between structures, S(t)?:tr;;s?aﬁtaosﬁ?:l()al?ﬁgi rf]' b?; eSéEng:]r;r? e}r:]d :ancr:?:r?tvclgrgrl

Mechanism adjustable focal plane through a pinhole restriction 9 ! 9ing app

in image
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Distributions of the CFA in the MVAL Specimen #1 with the bimodal fiber orientation Ogp,, fitting, as

Table 2 —
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described by Eq. (4) (cf. Fig. 6b). Anisotropic tissue stretches, pixel sizes for the tissue regions (cf. red boxes
in Figure 6a), and descriptive statistics for the DOA distributions (cf. Fig. 6¢) with respect to each biaxial

loading state.

Bimodal von Mises Distribution Fit to the Gpe, Histograms (cf. Fig. 6b)

FciFr Hy (deg.) | x (x1073) w Mo (deg.) | x, (x1079) R?
0 mN:0 mN
(Post-Preconditioning) 49.1 0.35 0.40 151.1 2.42 0.908
1000 mN:1000 mN 66.0 0.15 0.42 161.8 2.84 0.936
250 mN:1000 mN 78.1 0.92 0.36 154.3 1.66 0.943
1000 mN:250 mN 3.0 0.39 0.67 165.3 4.32 0.938
: DOA Descriptive Statistics
Tissue Stretch .
Pixels in Tissue ROI (cf. Fig. 60)
FciFr Acire ARad mean SD skewness
0 mN:0 mN
(Post Preconditioning) 1.00 1.00 485%415 0.043 0.018 0.711
1000 mN:1000 mN 1.17 1.27 567x527 0.089 0.036 0.196
250 mN:1000 mN 1.06 1.31 514x544 0.077 0.034 0.569
1000 mN:250 mN 1.24 111 601x461 0.086 0.037 0.167
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