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We present a novel approach allowing for a simple, fast and automated
morphological analysis of three-dimensional image stacks (z-stacks) featuring
fibrillar structures from optically cleared soft biological tissues. Five non-
atherosclerotic tissue samples from human abdominal aortas were used to
outline the multi-purpose methodology, applicable to various tissue types.
It yields a three-dimensional orientational distribution of relative amplitudes,
representing the original collagen fibre morphology, identifies regions of iso-
tropy where no preferred fibre orientations are observed and determines
structural parameters throughout anisotropic regions for the analysis and
numerical modelling of biomechanical quantities such as stress and strain.
Our method combines optical tissue clearing with second-harmonic gener-
ation imaging, Fourier-based image analysis and maximum-likelihood
estimation for distribution fitting. With a new sample preparation method
for arteries, we present, for the first time to our knowledge, a continuous
three-dimensional distribution of collagen fibres throughout the entire thick-
ness of the aortic wall, revealing novel structural and organizational insights
into the three arterial layers.

1. Introduction

The importance of fibrillar collagen in arterial tissue has long been known [1,2].
It is not only mechanically the most important tissue constituent [3,4], but
research indicates that it also plays an important role in arterial disease and
degeneration [5,6] as well as in the healing of dissecting aortic aneurysms [7],
which makes the evaluation of morphological collagen data within arterial
walls essential for an improved understanding of vascular health and
mechanics. The architecture of the arterial wall, however, represents a major
experimental challenge: first, its thickness up to approximately 1.4 mm [8] of
non-transparent material limits the application of optical techniques to assess
the orientation of fibrillar collagen; second, the specific detection of collagen
in the three layers of the aortic wall typically requires labelling techniques
such as the use of antibodies that are not feasible in thick tissues; third, because
the orientation of the fibrillar collagen in the arterial wall responds to the
internal blood pressure, any preparation of arterial wall samples for subse-
quent analysis requires preservation of in vivo conditions to obtain reliable
information about the orientation of fibrillar collagen.

The use of optical clearing for enhanced visualization of morphological
structures in whole organs or thick tissue structures has seen a renewed interest
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of late. Often, optical clearing is based on refractive index
matching of various scatterers (e.g. collagen) and the ground
matrix of soft tissue (e.g. interstitial fluid), by replacing water
in the tissue with a fluid of a similar index of refraction as that
of the proteins [9-11]. Measurements based on spectroscopy
techniques, polarization or optical coherence microscopy as
well as nonlinear imaging techniques such as two-photon fluor-
escence and second-harmonic generation (SHG) yield more
valuable, otherwise virtually inaccessible information when
performed on cleared (versus uncleared) soft biological tissue
[12]. Multi-photon microscopy (MPM) is especially suited for
three-dimensional visualization [13—-15] owing to its optical sec-
tioning capability using sequential automated slicing (z-stacks)
[16]. In combination with optically cleared tissue, there is no
more need for manual slicing to obtain images of whole
organs or thick tissue structures and furthermore leaves the
tissue whole for traditional histological investigations.

At the same time, numerical modelling based on conti-
nuum mechanical frameworks has developed into a powerful
tool for hypothesis testing and verification of theoretical frame-
works against experimental and clinical observations [17-22].
Despite the broad range of tissues studied through compu-
tational analyses (e.g. arteries, cartilage, heart, cornea, etc.),
numerical models share the commonality of requiring physio-
logically determined material and/or structural parameters
that can usually be obtained from biomechanical experiments
[23], clinical data [24] or can be extracted from images [25].

Such an analysis, however, requires the integration of
various tasks from different disciplines such as tissue prep-
aration and imaging techniques, image analysis as well as
numerical modelling. In this study, we aim to overcome
these limitations by developing a novel, simple, fast and
automated method consisting of combining well-established
techniques and expertise from different fields for the
purpose of extracting and quantifying three-dimensional
morphological data from optically cleared whole tissues.

Specifically, we combine tissue clearing using a solution
of benzyl alcohol to benzyl benzoate (BABB) [26,27] with
SHG imaging of fibrillar collagen [28,29], Fourier-based
image analysis for characterizing collagen organization
[30-32] and maximume-likelihood estimation (MLE) for
distribution fitting of three-dimensional-orientational data-
sets [33]. First, our method yields the three-dimensional
distribution of amplitudes (1° resolution), representing the
orientations of fibrillar collagen extracted from a z-stack;
second, it identifies isotropic regions in the tissue where
no preferred fibre orientations are observed; third, it ident-
ifies regions of anisotropy characterized by two structural
parameters: one describing the preferred (or principal) orien-
tation of the fibres (denoted w), and the other describing the
degree of fibre alignment (or concentration) about that pre-
ferred orientation (denoted b). Both structural parameters
can be used directly in numerical modelling codes using
fibre-reinforced constitutive laws [3,20,34].

In general, our method is suited to analyse images contain-
ing (straightened) fibrillar structures independent of the type of
tissue or material. In this work, we use non-atherosclerotic
human abdominal aortic tissue samples to explain our
approach and additionally introduce a new sample preparation
method that allows for the fixation of whole blood vessels
approximating in vivo geometries (by considering axial pre-
stretches and in vivo blood pressures [8,35]). Using our
method, we are able to present, for the first time to our

knowledge, a continuous three-dimensional distribution (1° res- n

olution) of collagen fibre orientations throughout the entire
thickness of the human abdominal aortic wall with a thickness
of approximately 1 mm.

2. Material and methods
2.1. Tissue preparation and fixation

Five human abdominal aortas without atherosclerotic changes of
type IV or higher [36] (age in years and gender (m/f): 53 m, 64
m, 65 f, 65 f, 77 m) were harvested within 24 h of death. All
samples were cleaned from the surrounding tissue, and anatomic
landmarks (such as branching of the common iliac arteries) were
used to ensure consistent sample locations for all five vessels.
To reconstruct the in vivo stress/strain state of the abdominal
aortas, we developed a custom-made device that enabled us to
mount the intact aortic tube, stretch it axially and simultaneously
pressurize it. The axial stretch was controlled through a video
extensometer, the pressure was automatically monitored and
kept constant through a high precision pressure reducer (control
range: 5.0-200.0 + 0.1 kPa). The mounting device was encased
in a pneumatic glass basin filled with 4 per cent parafor-
maldehyde (PFA), where the pre-stretched and pressurized
vessel was kept for 12h for a sufficient fixation. All vessels
were pre-stretched 12 per cent in the axial direction based on
the lower bound of in vivo values reported [37], and pressurized
at the average systolic arterial pressure (SAP) of 130 mmHg.
After chemical fixation, the newly stiff vessel was removed
from the mounting device for subsequent optical clearing.

2.2. Optical clearing

The vessels were rinsed with phosphate-buffered saline (pH 7.4)
to wash off excess PFA, and dehydrated using a graded ethanol
series with each step lasting 45 min, according to the following
protocol: 50 per cent, 70 per cent, twice at 95 per cent and twice
at 100 per cent. For optical clearing, we used a solution of 1:2
BABB. Each vessel was initially submerged into a solution of
1:1 ethanol: BABB for 4h before submerging them into a 100
per cent BABB solution where they remained to clear for at least
12 h before imaging. All steps involved in the tissue preparation,
fixation and optical clearing were performed at room temperature.

2.3. Histology

Cleared aortic specimens were embedded in paraffin and sec-
tioned at 5 um. The resulting cross sections were then stained
with picrosirius red (PSR) to highlight fibrillar collagen and
Elastica Van Gieson (EVG) to highlight elastin. All images were
acquired with a Nikon 80i microscope in combination with
Nikon NIS-ELemENTs F software. Magnification was set to 600x.
Images from the PSR-stained sections were acquired using
appropriate polarizing optics.

2.4. Nonlinear optical imaging

SHG imaging of collagen was performed using an imaging set-up
consisting of a picosecond laser source and an optical parametric
oscillator (OPO; picoEmerald; APE, Germany; HighQ Laser,
Austria) integrated into a Leica SP5 confocal microscope (Leica
Microsystems, Inc., Austria). To induce SHG of collagen, the
OPO was tuned to 880 nm. Detection of backscattered second-
harmonic signal was achieved using a BP 15 emission
filter and with a non-descanned detector in epi-mode.
Image acquisition was performed using a Leica HCX IRAPO L
25 x 0.95 water objective with a working distance of 2.5 mm for
deep tissue imaging; z-stacks (three-dimensional image stacks)
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of the cleared aorta specimens were acquired using 0.62 x
0.62 x 1 pm sampling (x—y—-z). Image processing of z-stacks
(three-dimensional Gaussian filtering) and subsequent volume-
rendering were performed using AmIrRA visualization software
(Visage Imaging, Inc.).

2.5. Data analysis

2.5.1. Fibre orientation assessment

To extract collagen fibre orientations from two-dimensional
images, we used a Fourier-based image analysis method in com-
bination with wedge filtering [25]. Towards this end, we applied
a window using a raised cosine function to reduce the grey-scale
values to 0 at the image periphery, which could otherwise cause
frequency-domain effects in subsequent steps. Next, we applied
a fast Fourier transformation (FFT) to the windowed grey-scale
image, represented by a distribution function f, where f(x, v)
denotes its value at point (x, y). The Fourier transform (FT) of f
is a function denoted F = F(f), where its value at point (i, v)
can be written as [F(f )l(u, v) = F(u, v). After performing a coor-
dinate shift, which transforms the lowest spatial frequency to the
origin, we calculated the power spectrum P by multiplying the
FT with its complex conjugate, namely

P(u,v) = F(u,v) - F*(u,v). (2.1)

The fibre directions are now discriminated by spatial fre-
quency and orientation. To extract them from the power
spectrum, we used wedge-shaped orientation filters [30]. By
means of summation of every P(u,v) within individual 1°
wedges, we obtained a discrete distribution of relative ampli-
tudes I(P) (in %) as a function of the corresponding fibre
angle &. Finally, the angular distribution was shifted back by
90° to adjust for the shift owing to the FT. This procedure was
performed for all n images in a z-stack, yielding a three-dimen-
sional dataset per z-stack containing I(®) of every image. The
angles @ and amplitudes I for individual images n were stored
in the x-, y- and z-directions of the dataset, respectively; @ = 0°
and @ =90° correspond to the horizontal and vertical axes of
the images, as well as to the circumferential and axial directions
of the vessel, respectively.

2.5.2. Determination of anisotropy
In order to perform meaningful distribution fitting, we first dis-
tinguish between anisotropic and isotropic angular fibre
distributions (the latter is not subjected to subsequent distri-
bution fitting). Towards this end, we first smoothed the
amplitudes of the original three-dimensional dataset using
moving average filters in the z- and then in the x-direction
with a span range of 17° and 33°, respectively. To ensure that
our choice for both span ranges was robust, we performed a per-
turbation analysis. Note that a robust choice implies that the
outcome regarding isotropy or anisotropy was not affected by
small perturbations (approx. + 5°) of either span range. To
check for isotropy of a given distribution we made use of the
fact that the cumulative distribution function (CDF) F(®) of an
isotropic distribution is a straight line. Therefore, we calculated
the CDF of every (now smoothed) angular distribution in the
three-dimensional dataset, according to
X
F= Y I(®), (2.2)
B=-90°

where —90° <x <897 fitted it with a first-order polynomial
and determined the corresponding R? value as a measure of
the goodness of fit. If the resulting R* value was above a
threshold of 0.998, then the distribution was considered isotropic,
otherwise anisotropic. We determined the appropriate threshold
value by running a perturbation analysis for a broad range of

potential thresholds. The most suited threshold value was ident-
ified based on where the results (isotropy or anisotropy) would
correspond well to the fibre morphology visible in the original
images. An illustrative example is shown in figure 1.

2.5.3. Distribution fitting

To fit the anisotropic distributions using MLE, we first needed to
determine the number of major peaks (fibre families) for every dis-
tribution I(®) in a three-dimensional dataset and second, the
approximate locations @ of those peaks used as starting par-
ameters for subsequent MLE fitting. To that end, we first
smoothed the amplitudes of the original (unsmoothed) three-
dimensional dataset using moving average filters in the z- and
then in the x-direction with a span range of 7° for both directions.
Next, we used a standard peak detection algorithm, based on the
alternating signs of the derivatives, to identify local maxima or
minima in the smoothed angular distribution, yielding the
locations of the major peaks. Subsequently, amplitude offsets
were removed by subtracting the smallest amplitude value from
every I(®). Depending on the number of peaks m (which was
either one or two per image), each distribution was then fitted
with either one or a mixture of two m-periodic von Mises
distributions [25,34,38], given by

" exp{by cos2(® — )]}

p(P) Zl (b : (23)

The fitting parameters are the concentration parameter b;,

determining the shape of the von Mises distribution (increased

bi-values correspond to narrower (more anisotropic) distribu-

tions), and the location parameter w;, describing the preferred

(or principal) fibre orientation. Normalization is not necessary,

because p(P) was used only to determine the fitting parameters

[39]; Io(b;) denotes the modified Bessel function of the first kind
of order zero, namely

Iy(bi) = }TJO exp(b; cos a) da, (2.4)

with i=1,2.

3. Results

The orientations of collagen fibres in a z-stack are represented
by the three-dimensional distribution of the corresponding
amplitudes with 1° resolution. By fitting this distribution
using MLE and m-periodic von Mises distributions (either
one or a mixture of two in the case of two fibre families),
our method identifies specific regions of isotropy within the
tissue and characterizes anisotropic regions by determining
both structural parameters b and w.

3.1. Optical clearing and histology

Figure 2 illustrates the effect of optical clearing using a sol-
ution of BABB; a segment of a human abdominal aorta
before and after clearing is shown in the top row, left and
right panel, respectively. Note the translucent nature of the
cleared vessel, also visible by the lighter shadow under the
same lighting conditions. To ensure that the clearing pro-
cedure did not negatively affect the microscopic structure of
collagen fibres, we performed additional investigations on
histological sections. Representative PSR and EVG stained
cross sections are shown in figure 2b, left and right panel,
respectively. Both revealed that collagen (bright red under
polarized light) and elastin (black in the EVG-stained section)
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Figure 1. Schematic of steps to distinguish between images showing an isotropic versus anisotropic fibre distribution. Two cases, one classified as isotropic (a—c)
and another one classified as anisotropic (d—f) are shown. All images were acquired using second-harmonic generation imaging. The distribution of relative

amplitudes (grey bars, second column) was determined through Fourier-based image analysis and subsequently smoothed using a moving average filter (solid black
curves). From the smoothed distribution, the cumulative distribution function F(&P) was calculated (third column, black curves), fitted with a first-order polynomial
(grey curves), and the corresponding R? value was determined. If R? was above a threshold level of 0.998, then the distribution was considered to be isotropic,

otherwise anisotropic.

are consistent with observations one can expect from stan-
dard formalin-fixed, paraffin-embedded tissue samples.

3.2. Three-dimensional visualization

The left panel in figure 3 shows a volume-rendered radial
projection (circumferential/radial plane; x-z) of an image
stack (z-stack), featuring collagen fibres throughout the thick-
ness of the aortic wall. In-plane volume-rendered projections
(circumferential /axial plane; x—y) of regions from the intima,
media and adventitia are highlighted individually in the
smaller panels I, II and III, respectively; the horizontal and
vertical sides of panels I-III correspond to the circumferential
() and axial (y) axes of the vessel. Note the different fibre
morphologies between the three arterial layers: in the adven-
titia (panel I), the fibres were generally organized in thick
fibre bundles, oriented mostly diagonally (with high vari-
ations) between the major axes; in the media (panel II), the
fibres were organized closer to the circumferential direction
of the vessel but still showed two preferred fibre orientations;
in the intima (panel III), we observed both regions of pre-
ferred fibre orientations as well as regions of increasingly
isotropic fibre morphologies. The continuous changes in
fibre morphology throughout the entire wall thickness are
shown in the electronic supplementary material, movie S1.

3.3. Continuous three-dimensional fibre orientations
Figure 4a is a representation of the three-dimensional
collagen fibre orientations with a 1° resolution throughout

the entire thickness of the aortic wall (obtained from the
z-stack shown in figure 3); @ = 0° and 90° denote the circum-
ferential and axial directions of the vessel, respectively. The
colours denote relative changes in amplitudes ranging from
dark blue (0%) to dark red (100%). Therefore, orientations
of preferred (or principal) fibre directions (or fibre families)
appear red, whereas blue corresponds to orientations with
only few to no fibres present. The dashed lines indicate the
transition regions between the arterial layers. In the adventi-
tia, we observed highly aligned fibre orientations (note the
relatively large dark blue areas between red regions of pre-
ferred orientations) with often two counter-rotating fibre
families present, generally oriented between the major
vessel axes. The adventitia is followed by a marked transition
layer (indicated by the striped box on the left), characterized
by a change in appearance of the collagen fibres. The thick
fibre bundles visible in the adventitia could not be observed
anymore and the preferred orientations of the fibres became
axial (approx. 90°). Subsequently comes the media that dis-
played a layered structure of alternating preferential fibre
orientations (layers of single fibre families with alternating
orientations) closer to the circumferential direction, located
around @ ~ +20°. Next, the intima of this vessel was charac-
terized by an isotropic fibre morphology that at regions
closest to the lumen changed into preferred fibre orientations
in the axial direction.

We emphasize that we observed strong biological vari-
abilities in fibre orientations among the intimas of different
aortas, while some showed isotropic as well as anisotropic
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Figure 2. Effect of optical clearing using BABB. (a) Left and right panels
show a segment of a human abdominal aorta before and after optical
clearing, respectively. Note the translucent appearance of the cleared vessel,
also visible by the lighter shadow under the same lighting conditions.

(b) Both cross-section images were obtained from optically cleared tissues
and stained subsequently with picrosirius red for visualizing collagen (left;
collagen appears bright red under dark-field polarized light) and Elastica Van
Gieson as a general stain (right; elastic fibres and nuclei appear black,
collagen stains pink, muscle and cytoplasm stains light brown/yellowish). The
appearances of both images are consistent with photographs of standard
formalin fixed tissue samples.

regions with preferential orientations in various directions
(depending on the sample it could be, e.g. two fibre families
oriented axially and circumferentially), others displayed
only anisotropic or only isotropic morphologies (table 1).
A representative example that highlights these changes in
morphology throughout the entire thickness of the wall is
given in figure 4b, where the relative amplitudes at the
locations @ = +27° (dashed black curve) and &= —27°
(grey curve) as a function of depth z are plotted. In the adven-
titia, the shapes of both amplitude curves tend to overlap,
suggesting that two fibre families lie within the same imaging
plane (circumferential/axial plane; x-y) which was con-
firmed by individual MPM images of the adventitia
revealing the presence of two fibre families. In the media,
on the other hand, the similar behaviour of both curves
clearly changes into an alternating pattern, characteristic for
a layered fibre family structure with alternating orientations
(figure 4a).

Changes in collagen fibre morphology and its correspond-
ing angular distributions throughout the wall thickness can be
viewed in the electronic supplementary material, movie S2.

3.4. Parameter determination for numerical modelling
A representative example of fitting the fibre orientations
extracted from a single MPM image (taken from the media)
using MLE with one m-periodic von Mises distribution is
shown in figure 5 including corresponding R* and p-values
as a measure for the goodness of fit. From the fit, we obtained
the location parameter u = —22.7° describing the principal

fibre orientation of the distribution as well as the concentration “

parameter b = 1.44, which determines the shape of the von
Mises distribution. Both w and b were calculated for every
image in the z-stack, yielding the continuous behaviour of
both parameters throughout the thickness of the entire wall,
as shown in figure 6. Note that regions with no data points
correspond to regions with isotropic fibre distributions.

The results in figure 6a, highlight that in the adventitia
often two counter rotating fibre families were observed
oriented at around @~ +45°, whereas in the media, only
one fibre family with alternating orientations closer to the
circumferential direction (@ ~ +20°) was present. In the tran-
sition layer between the adventitia and the media, a preferred
axial fibre orientation was observed. The intima of this vessel
consisted largely of isotropic regions, which changed into one
fibre family oriented in the axial direction closest to the
lumen. The concentration parameter b showed relatively
small variations throughout the media (figure 6b) and was
generally slightly higher in the adventitia (b, = 1.55 + 0.89,
mean + s.d.) compared with the media (bm = 1.33 + 0.42),
indicating that the observed collagen fibre distributions
were more aligned (more anisotropic) in the adventitia. The
very high values for b at the beginning of the adventitia
(b > 5) correspond to images containing only a few highly
aligned thick collagen fibre bundles, as can be seen in
figure 3 (panel I), and were omitted in the calculation of b,.
In the intima, close to the lumen, we observed an increased
fibre alignment (b; = 3.57 + 0.74).

4. Discussion

Based on established tools from different research fields, we are
introducing a new method, which allows for a simple, fast and
automated structural analysis of collagenous tissues or whole
organs that have been optically cleared and imaged using non-
linear microscopy. Our method yields a three-dimensional
orientational distribution accurately representing the morpho-
logy of fibrillar tissue structures, and it additionally extracts
structural parameters that can be used in numerical models
for soft biological tissues. We used tissue samples from
human abdominal aortas to outline the method and in the
course of this study we presented novel results pertaining to
the structure of aortic walls.

To approximate the in vivo condition of the vessel as clo-
sely as possible, we developed a custom-made device
allowing us to mount and chemically fixate (using formalin)
the intact segment (tube) of the abdominal aorta as a whole,
and subsequently apply a physiologically axial pre-stretch
(approx. 12% [37]) and simultaneously pressurize it at con-
stant SAP of 130 mmHg. The influence and importance of
pressurization and axial pre-stretches upon fibre morphology
has been previously reported [8,35,40,41] and is not only a
prerequisite for mimicking in vivo states of the vessel, but
also leads to (mostly) straightened collagen fibres necessary
for a correct determination of fibre angles. Furthermore, our
new sample preparation method allows for future studies
of the influence of arterial blood pressure on collagen fibre
orientations or investigations of microstructural recruitment
variables for collagen [42].

Optical clearing using BABB leads to an increase in MPM
penetration depth from approximately 120 pm (in the un-
cleared sample) to more than 1 mm, enabling us to image
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Figure 3. Volume-rendering of optical sections through an entire aortic wall acquired using second-harmonic generation imaging. The left panel shows a radial
projection (circumferential/radial plane; x—2) highlighting fibrillar collagen throughout the thickness of a human abdominal aortic wall (age: 65 years, gender: f).
The three smaller panels on the right are in-plane projections (circumferential/axial plane; x—y) from regions inside the adventitia (1), media (Il) and intima (Ill),
indicated by the red boxes in the left panel. Note the marked differences in collagen fibre morphology between the three arterial layers. Generally, the adventitia
displayed characteristic fibre bundles, often organized as two counter-rotating fibre families oriented mostly between the major vessel axes; in the media, the fibre
bundles changed into one fibre family, organized in a layered structure with alternating orientations closer to the circumferential direction. The intima of this vessel
was characterized by a mostly isotropic organization of collagen fibres, whereas intimas of other vessels also displayed anisotropic fibre morphologies.

the entire thickness of the vessel wall without physically dama-
ging the tissue [12]. Histological investigations using standard
tissue stains (PSR and VVG) confirmed that the microstructural
tissue components (collagen and elastin) were still intact after
optical clearing (figure 2). A comparison of fibre distributions
before and after clearing showed that the microscopical
orientations were not affected by the clearing process.

Using SHG imaging, we can show, for the first time to our
knowledge, a complete three-dimensional visualization of
collagen fibres throughout the entire wall thickness of a
human abdominal aorta (see figure 3 and the electronic sup-
plementary material, movies S1 and S2). Visually, we
observed some basic similarities between the five vessels
we investigated: the adventitias showed characteristic fibre
bundles, often organized as two counter-rotating fibre
families, mostly oriented between the major vessel axes
(figure 3, panel I); next came a transition layer leading to
the media in which the marked organization into fibre bun-
dles disappeared; the media generally displayed one fibre
family organized in a layered structure with two alternating
preferential orientations; the observed morphologies among
these five intimas varied greatly, some displayed isotropic
and anisotropic regions with preferential fibre orientations
while others appeared completely isotropic or anisotropic.
An overview is provided in table 1. Owing to the limited
number of samples and the observed variabilities general
statements seem here inadequate. Future studies on a larger
number of vessels are required to obtain sufficient data for
a meaningful, statistical, inter-subject analysis of the intimas.

For example, the intima of the vessel in figure 3 consisted of
isotropic orientations adjacent to the media that became anisotro-
pic close to the lumen, oriented along the direction of the blood
flow (figures 4a and 6a). These observations are consistent with
previously reported mean values for the three arterial layers [8],
where two fibre families were observed in the adventitia and
media and several fibre families as well as isotropic distributions
were found in the intimas. Instead of having to rely on mean
values for each layer, our new method provides the required
three-dimensional spatial depth resolution to show in detail
how the fibre families are organized within each layer.

To extract the fibre orientations from images, we used
Fourier power spectrum analysis in combination with wedge
filtering [25,30-32]. First, it is the rotational property; second,
the addition theorem and third the shift theorem of the FT
that ensure that the fibre orientations visible in an image are
correctly represented by the distribution of relative amplitudes
in Fourier space.

A statistical analysis of the CDFs, calculated from ampli-
tude distributions, was used as an objective measure to
identify regions of isotropy and anisotropy in the tissue.
Note that anisotropic regions are characterized by a preferred
direction of fibre orientations versus isotropic regions that
show arbitrary fibre orientations. For distribution fitting of
anisotropic regions, we used either one or (in the case of
two preferred fibre orientations) a mixture of two von
Mises distributions from which we determined u, describing
the principal fibre orientation and b, a measure for the fibre
alignment about u (figure 5). Our choice for using a von
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Figure 4. Representation of the three-dimensional collagen fibre orientations throughout the entire thickness of a human abdominal aortic wall (age: 65 years,
gender: f). (a) The angles @ = 0° and 90° denote the circumferential and axial directions of the vessel respectively, the colours correspond to relative amplitudes
ranging from dark blue (0%) to dark red (100%). Orientations of preferred fibre directions appear red, whereas blue regions represent orientations with a low fibre
density. The striped box on the left indicates the transition layer between the adventitia and the media; I, intima. (b) Changes of relative amplitudes as a function of
depth at two representative locations. The dashed black curve corresponds to amplitudes at & = +-27°, the grey curve at @ = — 27° (0°= circumferential). A
similar behaviour of both curves in the adventitia turns into an alternating pattern in the media, indicating a change in the structural organization of collagen fibres
between the two layers; from two fibre families in the adventitia to one fibre family with alternating orientations in the media.

Table 1. Data from intimas of the five vessels showing high biological
variabilities. (Summarized for each intima is the intima thickness (in %)
compared with the entire wall, the percentage of anisotropic regions within
the intima and the observed number of fibre families.)

intima
thickness no. fibre

families

anisotropic

(%) regions (%)

Mises distribution was based on well-established modelling fra-
meworks of arterial tissues [25,34,38,43,44], in which b can be
used to calculate dispersion parameters which, together with
u, can be directly used in the numerical modelling or finite
element analyses, even in commercial codes such as ABaQus
(SIMULIA, Providence, RI). The decision to perform distri-
bution fitting through MLE instead of a simple least-squares
method was motivated by its independence of bin size and
the potential pitfalls arising from the normality-, constant var-
iance- and independent-errors assumptions [45]. Using our
method, we present for the first time to our knowledge, the
(continuous) values of both modelling parameters u and b
throughout the thickness of the human aortic wall (figure 6).
The three-dimensional quantification of fibre orientations
(figure 4a) confirmed our visual impression that the collagen
fibres in the adventitia were oriented more axially and
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Figure 5. Angular distribution of relative amplitudes fitted with a 7-periodic
von Mises distribution. The distribution was extracted from a single MPM
image taken from the media featuring one fibre family (corresponding to the
location at 634 wm in figure 4q). The angles @ = 0° and 90° denote the
circumferential and axial directions of the vessel, respectively. From the fit,
we extracted the location parameter w describing the preferred (or principal)
fibre orientation and the concentration parameter b as a measure of the
degree of fibre alignment about w. An increase in b corresponds to a
narrower (more anisotropic) distribution.

showed higher anisotropy (note the dark blue regions between
preferred orientations) compared with the media, where they
were oriented closer to the circumferential direction and the
fibre alignment was less pronounced (note the light blue to
turquoise regions indicating some presence of fibres in all
directions). By analysing the behaviour of relative amplitudes
throughout the entire thickness of the aortic wall, we were
able to identify depth-resolved changes in the structural organ-
ization of the collagen fibre families (figure 4b). For the first time
to our knowledge, we present continuous quantitative data
showing the presence of two counter rotating fibre families in
the adventitia (lying within axial-circumferential planes),
while only one fibre family with alternating orientations
between sequential axial-circumferential planes was found in
the media. The results for the location parameter u in
figure 6a, further highlighted the alternating nature of the pre-
ferred fibre orientations in the media, and the more
fluctuating orientations in the adventitia, which was found to
be characteristic of all five vessels, and corresponds well with
previously reported differences in the qualitative mechanical
stress—stretch response of abdominal aortas [41] and carotid
arteries [46]. To validate our data, several z-stacks from
nearby positions were acquired and analysed for each sample.
Statistical analysis showed that differences in the neighbouring
regions of the same sample were low and the reported mor-
phologies were indeed representative for each vessel. For
example, statistical comparisons (f-tests) among four z-stacks
obtained from different positions of the vessel shown in
figure 2 yielded no significant differences (p < 0.05) for the con-
centration parameters b throughout the media.

Compared with previous studies of collagen organization
in human arteries [35,40,47], our method is non-destructive,
yields continuous data throughout the entire thickness of soft bio-
logical tissues, therefore, allowing for investigations of specific
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Figure 6. Changes in preferred fibre orientations and fibre alignment
throughout the entire thickness of the aortic wall. (a) In the adventitia, often
two counter rotating principal fibre directions were observed, whereas the
media were characterized by alternating principal directions, oriented closer
to the circumferential direction of the vessel. In the intima (I) only regions
closest to the lumen showed anisotropic fibre alignment in the axial direction
(~ 490°), oriented along the direction of blood flow. (b) The concentration
parameter b quantifies the degree of fibre alignment about the preferred
fibre orientation w (figure 5), therefore, describing its degree of anisotropy.
Increasing b values correspond to a narrower (more aligned) distribution.
Generally, in the adventitia increased values of b were found compared to the
media. Note that values of approximately b > 4 typically came from images
containing a few highly aligned fibre bundles.

locations inside the tissue (e.g. transition regions between the
three arterial layers). Owing to the automated nature of our
method, it is not subject to limitations such as human measure-
ment bias or fair sampling (both pose a risk when, eg.
measuring collagen fibre angles using polarized light [8]).

With an ultimate tensile strength in the range of 50-100
MPa [48], collagen fibres are responsible for the strength and
load resistance of the arterial wall. Therefore, understanding
their microscopic structure and changing morphologies
throughout the three layers of the wall is key in the analysis
of mechanical quantities such as stress and strain, both of
which are used as a basis for numerical modelling of growth
and remodelling processes [49].

The use of autopsy material from human subjects for this study was
approved by the Ethics Committee of Medical University of Graz (no.
21-288 ex 09/10).

This work was partly supported by grants from the Austrian Science
Funds (FWEF): project 1503-B11 to A.J.S. and project SFB F3005
Lipotox to H.W. and S.D.K. We thank A. J. Reinisch for his editorial
support in preparing this manuscript.

0907107 ‘0L ey 205 y 1 biobunsyandiraposieforys:



References

Roach MR, Burton AC. 1957 The reason for the
shape of the distensibility curves of arteries.

(an. J. Biochem. Physiol. 35, 681—690. (doi:10.
1139/057-080)

Ottani V, Raspanti M, Ruggeri A. 2001

Collagen structure and functional implications.
Micron 32, 251-260. (doi:10.1016/50968-
4328(00)00042-1)

Holzapfel GA, Gasser TC, Ogden RW. 2000 A

new constitutive framework for arterial wall
mechanics and a comparative study of material
models. J. Elast. 61, 1—48. (doi:10.1023/
A:1010835316564)

Holzapfel GA. 2008 Collagen in arterial walls:
biomechanical aspects. In Collagen: structure and
mechanics (ed. P Fratzl), pp. 285—324, Heidelberg,
Germany: Springer.

Lanne T, Sonesson B, Bergquist D, Bengtsson H,
Gustafsson D. 1992 Diameter and compliance in the
male human abdominal aorta: influence of age and
aortic aneurysm. Eur. J. Vasc. Surg. 6, 178—184.
(doi:10.1016/50950-821X(05)80237-3)

Halloran BG, Davis VA, McManus BM, Lynch TG,
Baxter BT. 1995 Localization of aortic disease is
associated with intrinsic differences in aortic
structure. J. Surg. Res. 59, 17—22. (doi:10.1006/jsre.
1995.1126)

Schriefl AJ, Collins MJ, Pierce DM, Holzapfel GA,
Niklason LE, Humphrey JD. 2012 Remodeling of
intramural thrombus and collagen in an Ang-Il
infusion ApoE-/- model of dissecting aortic
aneurysms. Thromb. Res. 130, e139—e146.
(doi:10.1016/j.thromres.2012.04.009)

Schriefl AJ, Zeindlinger G, Pierce DM, Regitnig P,
Holzapfel GA. 2012 Determination of the layer-
specific distributed collagen fiber orientations in
human thoracic and abdominal aortas and common
iliac arteries. J. R. Soc. Interface 9, 1275-1286.
(doi:10.1098/rsif.2011.0727)

Cicchi R, Sampson D, Massi D, Pavone F. 2005
Contrast and depth enhancement in two-photon
microscopy of human skin ex vivo by use of optical
clearing agents. Opt. Express 13, 2337-2344.
(doi:10.1364/0PEX.13.002337)

Hirshburg JM, Ravikumar KM, Hwang W, Yeh AT.
2010 Molecular basis for optical clearing of
collagenous tissues. J. Biomed. Opt. 15, 055002.
(doi:10.1117/1.3484748)

Hama H, Kurokawa H, Kawano H, Ando R,
Shimogori T, Noda H, Fukami K, Sakaue-Sawano A,
Miyawaki A. 2011 Sca/e: a chemical approach for
fluorescence imaging and reconstruction of
transparent mouse brain. Nat. Neurosci. 14, 1481—
1488. (doi:10.1038/nn.2928)

Genina EA, Bashkatov AN, Tuchin VV. 2010 Tissue
optical immersion clearing. Expert Rev. Med. Devices
7, 825-842. (doi:10.1586/erd.10.50)

Denk W, Strickler JH, Webb WW. 1990 Two-photon
laser scanning fluorescence microscopy. Science 248,
73-76. (doi:10.1126/science.2321027)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

Zipfel WR, Williams RM, Webb WW. 2003 Nonlinear
magic: multiphoton microscopy in the biosciences.
Nat. Biotechnol. 21, 1368—1376. (doi:10.1038/
nbt899)

Williams RM, Zipfel WR, Webb WW. 2005
Interpreting second-harmonic generation images of
collagen | fibrils. Biophys. J. 88, 1377—1386.
(doi:10.1529/biophysj.104.047308)

Ragan T, Sylvan JD, Kim KH, Huang H, Bahlmann K,
Lee RT, So PT. 2007 High-resolution whole organ
imaging using two-photon tissue cytometry.

J. Biomed. Opt. 12, 014015. (doi:10.1117/1.
2435626)

Mow VC, Gu WY, Chen FH. 2005 Structure and
function of articular cartilage and meniscus. In Basic
orthopaedic biomechnics and mechano-biology, 3rd
edn. (eds VC Mow, R Huiskes), pp. 181—258.
Philadelphia, PA: Lippincott Williams & Wilkins.
Kuhl E, Menzel A, Garikipati K, Arruda EM, Grosh K.
2006 Modeling and simulation of remodeling in soft
biological tissues. In Mechanics of biological tissue
(eds GA Holzapfel, RW Ogden), Heidelberg,
Germany: Springer.

Humphrey JD, Taylor CA. 2008 Intracranial and
abdominal aortic aneurysms: similarities,
differences, and need for a new class of
computational models. Annu. Rev. Biomed. Eng. 10,
221-246. (doi:10.1146/annurev.bioeng.10.061807.
160439)

Holzapfel GA, Ogden RW. 2010 Constitutive
modelling of arteries. Proc. R. Soc. A 466,
1551-1597. (doi:10.1098/rspa.2010.0058)

Wong J, Goktepe S, Kuhl E. 2011 Computational
modeling of electrochemical coupling: a novel finite
element approach towards ionic models for cardiac
electrophysiology. Comput. Methods Appl. Mech.
Eng. 200, 3139-3158. (doi:10.1016/j.cma.
2011.07.003)

Valentin A, Holzapfel GA. 2012 Constrained mixture
models as tools for testing competing hypotheses in
arterial biomechanics: a brief survey. Mech. Res.
Commun. 42, 126—133. (doi:10.1016/j.
mechrescom.2012.02.003)

Humphrey ID, Delange SL. 2004 An introduction to
biomechanics, solids and fluids, analysis and design.
New York, NY: Springer.

Stalhand J. 2009 Determination of human arterial
wall parameters from clinical data. Biomech. Model.
Mechanobiol. 8, 141—148. (doi:10.1007/510237-
008-0124-3)

Schriefl AJ, Reinisch AJ, Sankaran S, Pierce DM,
Holzapfel GA. 2012 Quantitative assessment of
collagen fiber orientations from 2D images of soft
biological tissues. J. R. Soc. Interface 9, 3081—3093.
(doi:10.1098/rsif.2012.0339)

Spalteholz W. 1914 (ber das Durchsichtigmachen
von menschlichen und tierischen Préparaten und
seine theoretischen Bedingungen. S. Hirzel: Leipzig.
Zucker RM. 2006 Whole insect and mammalian
embryo imaging with confocal microscopy:

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

morphology and apoptosis. Cytometry A 69,
1143-1152. (doi:10.1002/cyto.a.20343)

Zoumi A, Lu X, Kassab GS, Tromberg BJ. 2004
Imaging coronary artery microstructure using
second-harmonic and two-photon fluorescence
microscopy. Biophys. J. 87, 2778-2786. (doi:10.
1529/biophys;.104.042887)

Schenke-Layland K, Riemann |, Stock UA, Konig K.
2005 Imaging of cardiovascular structures using
near-infrared femtosecond multiphoton laser
scanning microscopy. J. Biomed. Opt. 10, 024017.
(doi:10.1117/1.1896966)

Randen T, Husoy JH. 1999 Filtering for texture
classification: a comparative study. /EEE Trans.
Pattern Anal. Mach. Intel. 21, 291-310. (doi:10.
1109/34.761261)

Xia Y, Elder K. 2001 Quantification of the graphical
details of collagen fibrils in transmission electron
micrographs. J. Microsc. 204, 2—16. (doi:10.1046/j.
1365-2818.2001.00925.%)

Bayan C, Levitt JM, Miller E, Kaplan D, Georgakoudi
. 2009 Fully automated, quantitative, noninvasive
assessment of collagen fiber content and
organization in thick collagen gels. J. Appl. Phys.
105, 1-11. (doi:10.1063/1.3116626)

Mardia KV, Jupp PE. 1999 Directional statistics.
London, UK: John Wiley & Sons, Ltd.

Gasser TC, Ogden RW, Holzapfel GA. 2006
Hyperelastic modelling of arterial layers with
distributed collagen fibre orientations. J. R. Soc.
Interface 3, 15—35. (doi:10.1098/rsif.2005.0073)
Finlay HM, McCullough L, Canham PB. 1995 Three-
dimensional collagen organization of human brain
arteries at different transmural pressures. J. Vasc.
Res. 32, 301-312.

Stary HC. 2003 Atlas of atherosclerosis: progression
and regression, 2nd edn. London, UK: The
Parthenon Publishing Group.

Learoyd BM, Taylor MG. 1966 Alterations with age
in the viscoelastic properties of human arterial
walls. Circ. Res. 18, 278—292. (doi:10.1161/01.RES.
18.3.278)

Holzapfel GA, Ogden RW. 2010 Modelling the layer-
specific 3D residual stresses in arteries, with an
application to the human aorta. J. R. Soc. Interface
7, 787—-799. (doi:10.1098/rsif.2009.0357)

Lyons L. 1989 Statistics for nuclear and particle
physicists. Cambridge, UK: Cambridge University
Press.

Canham PB, Finlay HM, Dixon JG, Boughner DR,
Chen A. 1989 Measurements from light and
polarised light microscopy of human coronary
arteries fixed at distending pressure. Cardiovasc. Res.
23, 973-982. (doi:10.1093/cvr/23.11.973)
Weisbecker H, Pierce DM, Regitnig P, Holzapfel GA.
2012 Layer-specific damage experiments and
modeling of human thoracic and abdominal aortas
with non-atherosclerotic intimal thickening. J. Mech.
Behav. Biomed. Mater. 12, 93—106. (doi:10.1016/j.
jmbbm.2012.03.012)

ogzozmz OL ajejjéjm 5015 a [ “ ‘ﬁjd'ﬁu!qs!jqnd/(ialabéjéﬂdj';léj H


http://dx.doi.org/10.1139/o57-080
http://dx.doi.org/10.1139/o57-080
http://dx.doi.org/10.1016/S0968-4328(00)00042-1
http://dx.doi.org/10.1016/S0968-4328(00)00042-1
http://dx.doi.org/10.1023/A:1010835316564
http://dx.doi.org/10.1023/A:1010835316564
http://dx.doi.org/10.1016/S0950-821X(05)80237-3
http://dx.doi.org/10.1006/jsre.1995.1126
http://dx.doi.org/10.1006/jsre.1995.1126
http://dx.doi.org/10.1016/j.thromres.2012.04.009
http://dx.doi.org/10.1098/rsif.2011.0727
http://dx.doi.org/10.1364/OPEX.13.002337
http://dx.doi.org/10.1117/1.3484748
http://dx.doi.org/10.1038/nn.2928
http://dx.doi.org/10.1586/erd.10.50
http://dx.doi.org/10.1126/science.2321027
http://dx.doi.org/10.1038/nbt899
http://dx.doi.org/10.1038/nbt899
http://dx.doi.org/10.1529/biophysj.104.047308
http://dx.doi.org/10.1117/1.2435626
http://dx.doi.org/10.1117/1.2435626
http://dx.doi.org/10.1146/annurev.bioeng.10.061807.160439
http://dx.doi.org/10.1146/annurev.bioeng.10.061807.160439
http://dx.doi.org/10.1098/rspa.2010.0058
http://dx.doi.org/10.1016/j.cma.2011.07.003
http://dx.doi.org/10.1016/j.cma.2011.07.003
http://dx.doi.org/10.1016/j.mechrescom.2012.02.003
http://dx.doi.org/10.1016/j.mechrescom.2012.02.003
http://dx.doi.org/10.1007/s10237-008-0124-3
http://dx.doi.org/10.1007/s10237-008-0124-3
http://dx.doi.org/10.1098/rsif.2012.0339
http://dx.doi.org/10.1002/cyto.a.20343
http://dx.doi.org/10.1529/biophysj.104.042887
http://dx.doi.org/10.1529/biophysj.104.042887
http://dx.doi.org/10.1117/1.1896966
http://dx.doi.org/10.1109/34.761261
http://dx.doi.org/10.1109/34.761261
http://dx.doi.org/10.1046/j.1365-2818.2001.00925.x
http://dx.doi.org/10.1046/j.1365-2818.2001.00925.x
http://dx.doi.org/10.1063/1.3116626
http://dx.doi.org/10.1098/rsif.2005.0073
http://dx.doi.org/10.1161/01.RES.18.3.278
http://dx.doi.org/10.1161/01.RES.18.3.278
http://dx.doi.org/10.1098/rsif.2009.0357
http://dx.doi.org/10.1093/cvr/23.11.973
http://dx.doi.org/10.1016/j.jmbbm.2012.03.012
http://dx.doi.org/10.1016/j.jmbbm.2012.03.012

42.

43.

4,

Watton PN, Hill NA, Heil M. 2004 A mathematical
model for the growth of the abdominal aortic
aneurysm. Biomech. Model. Mechanobiol. 3,
98-113. (doi:10.1007/510237-004-0052-9)
Ateshian GA, Rajan V, Chahine NO, Canal CE, Hung
(T. 2009 Modeling the matrix of articular cartilage
using a continuous fiber angular distribution
predicts many observed phenomena. J. Biomech.
Eng. 131, 61003. (doi:10.1115/1.3118773)

Federico S, Gasser TC. 2010 Nonlinear elasticity of
biological tissues with statistical fibre orientation. J. R.
Soc. Interface 7, 955—966. (doi:10.1098/rsif.2009.0502)

45.

46.

47.

Chatterjee S, Hadi AS. 2006 Regression analysis by
example. New Jersey, NJ: John Wiley & Sons.
Holzapfel GA, Sommer G, Gasser CT, Regitnig P.
2005 Determination of the layer-specific mechanical
properties of human coronary arteries with non-
atherosclerotic intimal thickening, and related
constitutive modelling. Am. J. Physiol. Heart Circ.
Physiol. 289, H2048 —H2058. (doi:10.1152/ajpheart.
00934.2004)

Gasser TC, Gallinetti S, Xing X, Forsell C, Swedenborg
J, Roy J. 2012 Spatial orientation of collagen fibers in
the abdominal aortic aneurysm’s wall and its relation

48.

49.

to wall mechanics. Acta Biomater. 8, 3091—3103.

(doiz10.1016/j.actbio.2012.04.044)

Fung YC. 1993 Biomechanics: mechanical
properties of living tissues, 2nd edn. New York,
NY: Springer.

Valentin A, Humphrey JD, Holzapfel GA.
2011 A multi-layered computational

model of coupled elastin degradation,
vasoactive dysfunction, and collagenous
stiffening in aortic aging. Ann. Biomed.
Eng. 39, 2027-2045. (doi:10.1007/s10439-
011-0287-4)

0907107 ‘0L ey 205 y [ biobunsyndiraposieforys: By


http://dx.doi.org/10.1007/s10237-004-0052-9
http://dx.doi.org/10.1115/1.3118773
http://dx.doi.org/10.1098/rsif.2009.0502
http://dx.doi.org/10.1152/ajpheart.00934.2004
http://dx.doi.org/10.1152/ajpheart.00934.2004
http://dx.doi.org/10.1016/j.actbio.2012.04.044
http://dx.doi.org/10.1007/s10439-011-0287-4
http://dx.doi.org/10.1007/s10439-011-0287-4

	An automated approach for three-dimensional quantification of fibrillar structures in optically cleared soft biological tissues
	Introduction
	Material and methods
	Tissue preparation and fixation
	Optical clearing
	Histology
	Nonlinear optical imaging
	Data analysis
	Fibre orientation assessment
	Determination of anisotropy
	Distribution fitting


	3. Results
	Optical clearing and histology
	Three-dimensional visualization
	Continuous three-dimensional fibre orientations
	Parameter determination for numerical modelling

	Discussion
	The use of autopsy material from human subjects for this study was approved by the Ethics Committee of Medical University of Graz (no. 21-288 ex 09/10).This work was partly supported by grants from the Austrian Science Funds (FWF): project I503-B11 to A.J.S. and project SFB F3005 Lipotox to H.W. and S.D.K. We thank A. J. Reinisch for his editorial support in preparing this manuscript.
	References


