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Collagen plays an important role in the response of the arterial wall to mechanical loading and presum-
ably has a load-bearing function preventing overdistension. Collagen configuration is important for
understanding this role, in particular in mathematical models of arterial wall mechanics.

In this study a new method is presented to image and quantify this configuration. Collagen in the arte-

rial adventitia is stained with CNA35, and imaged in situ at high resolution with confocal microscopy at
luminal pressures from 0 to 140 mm Hg. The images are processed with a new automatic approach, uti-

gz}l/l‘g/ogzs::onﬁ uration lizing techniques intended for MRI-DTI data. Collagen configuration is quantified through three param-
Adveititia 8 eters: the waviness, the transmural angle and the helical angle.

The method is demonstrated for the case of carotid arteries of the white New Zealand rabbit. The wav-
iness indicated a gradual straightening between 40 and 80 mm Hg. The transmural angle was about zero
indicating that the fibers stayed within an axial-circumferential plane at all pressures. The helical angle
was characterized by a symmetrical distribution around the axial direction, indicating a double symmet-

Pressurized arteries
Carotid artery
MRI-DTI

rical helix.

The method is the first to combine high resolution imaging with a new automatic image processing
approach to quantify the 3D configuration of collagen in the adventitia as a function of pressure.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The arterial wall consists of three layers: the intima at the lumi-
nal side and subsequently the media and the adventitia. These lay-
ers consist of a number of different constituents. Three of those
constituents mainly determine the mechanical behavior of the
arterial wall: collagen, elastin and smooth muscle cells. Their
mechanical characteristics are different: elastin shows compliant
linear elastic behavior (Roach and Burton, 1957), collagen has stiff
non-linear elastic behavior (Roach and Burton, 1957) and the
behavior of smooth muscle cells depends on the extent to which
they are activated (Fridez et al., 2001). Also the presence and orga-
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nization of those constituents differ per layer. The mechanical re-
sponse of the wall not only depends on the behavior of
individual components but also on their configuration as a whole
in each layer. To understand the contribution of each constituent
to the mechanical behavior of the entire arterial wall, mathemati-
cal models have been designed based on the microstructural con-
figuration (Holzapfel et al, 2000; Machyshyn et al, 2010;
Zulliger et al., 2004). To enhance the predictive value of these mod-
els, e.g. in predicting the consequences of a pathologic change in
one of the constituents (Alford et al., 2008; Baaijens et al., 2010;
Kroon and Holzapfel, 2007; Watton and Hill, 2009), quantitative
knowledge on the constituents and their mechanical behavior is
essential.

In this respect, collagen is of special interest. It is predominantly
present in the adventitia as a dense network and is believed to
have a load-bearing function, acting as a safety net preventing
overdistension of the vessel (Humphrey, 2002). For example, the
importance of collagen becomes apparent in aneurysms. Here the
collagen configuration evolves continuously and its load-bearing
function becomes prominent, up to the point that rupture occurs
(Humphrey and Canham, 2000).
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Recently work was done on imaging and quantifying the colla-
gen configuration in the adventitia (Chen et al., 2011; Haskett et al.,
2010; Rezakhaniha et al., 2011). New findings were reported to
demonstrate the importance of microstructural information. How-
ever, none of these studies combined high resolution imaging with
automatic image processing to quantify both orientation and wav-
iness as a function of pressure. We propose a new combination of
techniques in order to quantify the collagen configuration in such a
manner.

To demonstrate this method, collagen fibers in the adventitia of
two common carotid arteries of the white New Zealand rabbit were
imaged. The collagen was imaged in situ, while inflating the artery
stepwise over a wide pressure range from 0 to 140 mm Hg. The
images were processed using a new approach based on transform-
ing microscopy data to mimic MRI-DTI (Diffusion Tensor Imaging)
data. This allowed the use of available DTI fiber-tracking tech-
niques (Vilanova et al., 2006) to track the collagen fibers and quan-
tify their configuration in terms of orientation and waviness as a
function of pressure.

2. Methods
2.1. Preparation

Common carotid arteries were harvested from two young
healthy white New Zealand rabbits of approximately 3.5 kg. The
arteries were put in a phosphate-buffered saline (PBS) bath with
a 1.5 pM solution of CNA35-0G488 (Boerboom et al., 2007; Krahn
et al., 2006), and kept overnight in an incubator (37° C, 5% CO,).
Labeling with CNA35-0G488 made it possible to visualize the col-
lagen fibers in fresh unfixed tissue (Rezakhaniha et al., 2011). Next
the arteries were washed in a PBS bath and immediately imaged
under a microscope or stored overnight PBS solution at 4 °C. The
maximum time between harvesting and the start of the measure-
ment was less than 48 h.

From the arteries sections with a length of 1.5-2 cm were taken.
The sections were mounted on a frame between two metal tubes
and fixed with suture wire. An axial stretch of 1.4 was applied
(Fonck et al., 2007; van den Broek et al., 2011) and the bath, the
PBS and the space surrounding the bath and the microscope stage
were kept at 37 °C to mimic in vivo conditions (Fig. 1).

Subsequently sodium nitroprusside was added to a concentra-
tion of 107° M in the bath. This addition ensured that all smooth
muscle cells became completely relaxed and the wall had consis-
tent passive mechanical behavior. The tubes from the frame were

then connected to a reservoir that was connected to a syringe
pump. In this closed system the syringe pump was used to inflate
the artery and enable the measurement of the collagen configura-
tion in situ at a precise pressure. The last step in the preparation
process was pre-conditioning the arteries with five cycles of
0-120-0 mm Hg at a rate of approximately 1.5 mm Hg/s.

2.2. Imaging

The imaging of the arterial wall was conducted with confocal la-
ser microscopy using an upright Leica SP2 and a 63x water im-
mersed lens with a field of view of 238 by 238 um. The collagen
was excited by a laser with a 488 nm wavelength. Its emission
was measured within the 500-550 nm range. The collagen was
measured throughout the adventitia at planes with increasing
depth from the outer surface with steps of 0.5 um. The maximum
depth was determined as the deepest point that still had signal.
The individual images of the planes were combined into a 3D im-
age with the commercial software package Imaris (Bitplane,
Switzerland).

The collagen configuration of the arteries was visualized be-
tween 0 and 80 mm Hg at pressure steps of 5 mm Hg, and between
80 and 140 mm Hg at pressure steps of 10 mm Hg. The mean phys-
iological arterial pressure of these rabbits is approximately 70 mm
Hg. Due to the inflation of the artery the area of interest could shift
out of the field of view. Therefore after each pressure step the posi-
tion of the stage was manually adjusted to ensure that approxi-
mately the same area of the adventitia was visualized.

2.3. Image analysis

To quantify the configuration of the collagen fibers in the 3D

microscopy images, we employed techniques that have been
developed to visualize and track fiber-like structures in MRI-DTI
data. MRI-DTI measurements are based on the diffusion of water
that is described by a diffusion tensor D (Eq. (1)), which is a sym-
metric positive definite matrix:
D =Djee; for i,j=x,y,z (1)
where e,, e, and e, are unit vectors that form a Cartesian basis, Dj;
are the components with respect to this basis (Einstein notation),
and e;e; represents the tensor product of two unit vectors. The dif-
fusion tensor D can also be written in terms of eigenvalues (1, 7,
and /3) and unit vectors corresponding to the eigenvectors (e, e,
and es):

Pressure
gage Air pump
— 37°C
............. Microscope Environment | |
{: 37 OCE
Syringe
Pump |:|<_J
PBS o |
PBS 37 °C :

Fig.1. Experimental setup under a confocal microscope used to image the collagen configuration at different pressures. The pressure was regulated by a syringe pump, which
allowed the pressure in the artery to be set at the desired level during imaging. The environment was kept at 37 °C and an axial stretch of 1.4 was applied.
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D = J1e1e; + 1,e,e; + Jzese; (2)

The eigenvector with the largest eigenvalue is considered to
represent the local diffusion direction. This direction is used by a
fiber tracking method to reconstruct the fibrous structure. A more
elaborate description can be found in Vilanova et al. (2006).

In order to apply fiber tracking techniques developed for DTI to
microscopy images, a tensor with similar information as the diffu-
sion tensor had to be derived from the images, i.e. the tensor
should describe the local orientation of the fibrous structure at
each point. We used the Hessian H defined as a matrix with second
order derivatives of the image intensity I(x, y, z) (Florack et al.,
1992):

H =Hjee; fori,j=x,y,z (3)

with its components H; defined as:

&1 9%l &1
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(4)

In this study the second order derivatives for the Hessian were
estimated by convolving (x) an image twice with first order Gauss-
ian derivatives:

This results in an estimate of the Hessian (H) for each voxel in the
data set. The first order Gaussian derivatives were defined as:
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Here o controls the width of the kernel. The width of the kernel cor-
relates to how effectively a structure with a specific width can be
detected (Frangi et al., 1998). In this study ¢ = 2 pixels was chosen.
A pilot study showed that this corresponded well to the approxi-
mate mean width of fibers in the images. The Hessian can also be
written in terms of its eigenvalues (¥, 25 and /) and unit vectors
along its eigenvectors (eq, e; and e3):

fori=x,y,z (6)

H=eje; + fese, + ieses (7)

Equivalent to DTI data processing, the main direction in each
voxel of image I can be found by an eigenanalysis of H. However,
since the eigenvectors derived from the Hessian are based upon
the intensity difference, the eigenvector belonging to the largest
eigenvalue 2¥ will be perpendicular to the fiber. To allow process-
ing with the existing DTI fiber tracking techniques the main eigen-
vector should be parallel to the fiber. For this reason the absolute
eigenvalues were inverted while keeping the eigenvectors the
same. The inversion lead to a so called pseudo diffusion tensor D’
suited for DTI processing techniques.

, 1 1 1
D= M TR e Tha ®)

The inversion causes the main eigenvector of D’ to be parallel to
the fiber direction. Finally, the tensor D’ was used as input for the
DTI software vIST/e developed by the Bio-Medical Image Analysis
group at TU/e (http://bmia.bmt.tue.nl/software/VISTE/). The image
processing resulted in multiple 3D fiber tracings per collagen fiber
(Fig. 4, Bottom).

2.4. Quantification of the collagen configuration

The configuration of a tracing within a fiber was quantified by
three parameters (Fig. 2):

Radial
direction - r

--*" Axial
direction - z

Circumferential

direction - 0

Fig.2. Three parameters were used to define the configuration of a single fiber:
waviness w = L/Lo, transmural angle ¢ and helical angle o.

e Waviness w defined as the ratio between the Euclidean length L,
measured straight from the beginning to the end, and the whole
length Ly along the fiber:w = L/L,.

e The transmural angle ¢ defined as the angle of a fiber to cross
over between the inside and the outside of the arterial wall in
radial direction measured with respect to the axial-circumfer-
ential plane.

o The helical angle « defined as the angle between the axial direc-
tion and the projection of the fiber vector onto the axial-cir-
cumferential plane.

For each parameter a histogram was created from all the fiber trac-
ings within a 3D data set. The histograms of the waviness were
characterized by the fraction of fibers that was (almost) completely
straightened w > 0.9. Probability density functions (PDF) were fit-
ted on the histograms of the transmural and helical angles in order
to characterize them. The histograms of the transmural angle ¢
were characterized by two parameters ¢; and ¢ from the circular
distribution:

€os2(p—¢q)]+1
4

fo(d:¢1,0) = Ae 9)

with main transmural angle ¢, and width ¢. The distribution was
normalized by the factor A.

For the helical angle a bimodal circular distribution (Driessen
et al,, 2005) was chosen because a double helix was expected:

cos[2(ot—orq )]+1

cos[2(a—0op)]+1
fa(oc;ocl,ocz,al,az)=A<e T +e » ) (10)

The distribution for o was characterized by four parameters: o,
o, for the main angles and ¢4, g, for the widths of the distribution.
The values were determined by the best fit of the PDF onto the his-
togram. The distributions, and therefore the parameters of the fits,
change as a function of pressure. Hence, the change of the PDF
parameters is a direct quantitative description of how the collagen
network changes due to pressure.

3. Results

Fig. 3 shows that the fluorescent CNA35 probe in combination
with confocal microscopy allowed for a detailed visualization of
the collagen network in the adventitia. In the images individual
collagen bundles can clearly be distinguished. The depth from
the outer surface at which collagen could be imaged decreased
with the pressure from approximately 80 pm at O mm Hg to
50 pm at 140 mm Hg.

Fig. 3 shows images from sample 1 obtained at pressures be-
tween 0 and 140 mm Hg. Up to 60 mm Hg the collagen fibers are
wavy. At 60 and 80 mm Hg the fibers get straightened gradually
and shift towards a more circumferential orientation. Above
80 mm Hg almost all fibers are completely straightened. In the
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Fig.3. Collagen fibers in the adventitia of the carotid artery (sample 1). The same area was imaged at different pressure steps from 0 to 140 mm Hg; eight intermediate steps
are shown. The gradual straightening of (individual) fibers is observed. The biggest configuration change mainly occurs between 40 and 80 mm Hg.

online resources a movie with all consecutive pressure steps is in-
cluded that makes the effect of the increasing pressure more
insightful. Fig. 3 and the movie both clearly show the configuration
change.

With the image processing approach it was possible to quantify
the properties of the collagen network. Fig. 4 shows an example of

a section of a microscopy image and the result from the fiber track-
ing. Both are three dimensional reconstructions. The fiber tracking
shows a good resemblance with the original image: the main struc-
tures and the overall configuration are found. Yet there are some
reoccurring deviations from the original image. Fibers close to
the border or with a low intensity are not always found (Fig. 4,
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Fig.4. Comparison of a 3D microscopy image section at 0 mm Hg (top) with the
result of the fiber tracking using the image processing technique (bottom).
The green color indicates an axial (horizontal) direction. Red indicates the
circumferential (vertical) direction. Blue indicates a radial direction, perpendicular
to the page. The main structures and overall configuration of the collagen were
found. The arrows point out details explained in the text.

arrow 1) and fibers with a high intensity may show up dispropor-
tionately thick (arrow 2). Some fibers are detected but their shape
is not correctly represented, e.g. a pitch is found but represented as
globular shape (arrow 3).

Fig. 5 shows examples of the distribution density of the config-
uration at 0, 40, 80 and 120 mm Hg and the corresponding micros-
copy images. In the left column the waviness distributions are
plotted. A shift towards one is observed due to the pressure in-
crease, indicating fiber straightening. The middle column shows
that the transmural angle is centered around 0° at all pressures.
In the right column at 80 and 120 mm Hg a double symmetrical
distribution at approximately +70° appears for the helical angle.

The distributions for all pressure steps were are summarized in
Fig. 6. The top left of Fig. 6 shows the waviness change due to

pressure. In both samples the fibers get straightened between 40
and 80 mm Hg. The top right of Fig. 6 shows the transmural angle
as a function of pressure. The transmural angle (solid lines) is cen-
tered around 0° for all pressures. This implies that the fibers re-
main within an axial-circumferential plane around the axis.
However, below 60 mm Hg a relatively wide distribution is found
for both samples (Dashed lines). The bottom figures show the
changing helical angle distribution as a function of pressure for
both samples. The solid lines depict the main orientations and
the width is indicated by the filled area. The double symmetrical
helix appears in both samples above 60 mm Hg at approximately
+70°. Below 60 mm Hg two main orientations could not be found
because the distributions were too wide.

4. Discussion

In this study we imaged the collagen network of the adventitia
of the common carotid artery of the rabbit in high detail and ob-
served its change in configuration as a function of pressure. Colla-
gen was imaged in situ at small subsequent pressure steps, which
made it possible to compare the same area at different pressures.
Thus, the effect of increasing pressure on individual fibers and on
the network as a whole could be analyzed.

A new image processing approach was developed because no
method was readily available to automatically quantify the wavi-
ness of fibers. By applying a DTI fiber tracking technique the whole
fiber path within the data set could be reconstructed. This allowed
us to determine the waviness of the fibers. An additional benefit is
that the orientation is determined over the whole fiber in the data
set, instead of using each individual point on the fiber as done in
previous studies. This provides a robust measurement which is less
sensitive to local variations.

The gradual straightening of individual fibers in situ, as quanti-
fied through the waviness distribution was not observed in situ and
quantified up to now. We observed that the collagen network got
straightened around physiological pressure (rabbits). At 60 mm
Hg the collagen fibers started to get completely straightened and
above 100 mm Hg the whole network was predominately straight-
ened. Fonck et al. investigated the pressure-radius curve of the
same type of artery as used in this study. They observed that the
vessel distention starts to level off from approximately 60 mm
Hg and reaches its maximum around 100 mm Hg. This is in agree-
ment with our study and supports the idea that the collagen fibers
prevent overdistension of the wall above physiological pressure.
Thus our study gives insight in how the behavior of the vessel at
the macroscopic level is coupled to its microstructure. We found
a symmetrical double helix with a mean angle for the whole
adventitia of approximately +70° at 70 mm Hg (mean arterial pres-
sure) and above with an axial stretch of 1.4. The transmural angle
was about zero indicating that the fibers stayed within an axial-
circumferential plane at all pressures. The collagen configuration
was thus quantified by the orientation and waviness of the colla-
gen fibers as a function of pressure.

Other studies already developed methods to quantify the colla-
gen orientation in the adventitia (Canham et al., 1997; Finlay et al.,
1995; Rezakhaniha and Stergiopulos, 2008; Wicker et al., 2008). In
arecent study by Chen et al. (2011) a method is presented that also
gives the orientation and waviness of the collagen fibers at differ-
ent pressures. However, here the waviness was determined manu-
ally and only a normalized helical angle was reported. Also the
measured arteries were not intact because the media and intima
were remove. Another recent study done by Keyes et al. (2011) re-
ported a helical angle as a function of the pressure, but did not
determine the waviness of the collagen fibers. Our method pre-
sented here improved upon these points.
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Fig.5. The probability density distributions of the waviness, the transmural angle and the helical angle distributions at 0, 40, 80 and 120 mm Hg of sample 2. Due to the
increase in pressure the waviness distribution shifts towards 1, indicating that the fibers get straightened. The transmural angle remains around zero, and thus the fibers stay
within a constant plane around the axis. In the helical angle distribution a double symmetrical angle appears at 80 and 120 mm Hg. The PDFs (Eqgs. (9) and (10)) that were

fitted on the transmural and helical angle distributions are also plotted.

To demonstrate our method we used two common carotid
arteries of rabbits, which is an elastic artery type. The helical angle
of the collagen fibers found in our study was approximately +70° at
physiological pressure. This is consistent with the near circumfer-
ential orientation of collagen fibers observed in other elastic arter-
ies, e.g. in the mouse aorta (Keyes et al., 2011), the human aorta
(Haskett et al., 2010) and the proximal porcine carotid and the rab-
bit carotid (Sokolis et al., 2011).

The quantification of the collagen configuration in the arterial
wall is essential for the modeling of mechanics, growth and

remodeling of the arterial wall. Models based on such microstruc-
tural information are expected to provide more insight in the
mechanical function of the arterial wall (Holzapfel et al., 2000).
Microstructural models also enable a description of the remodeling
of the arterial wall, in response to disease or changed hemody-
namic conditions, in terms of changes in collagen orientation and
waviness (Alford et al., 2008; Baaijens et al., 2010; Kroon and Hol-
zapfel, 2007; Machyshyn et al., 2010; Watton and Hill, 2009). The
parameters of the collagen configuration of any specific artery can
be found by applying the combination of techniques shown here to
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Fig.6. (Top left) Fraction of fibers that are (almost) straightened (w > 0.9) as a function of pressure. In both samples most of the fibers got straightened between 40 and
80 mm Hg. Below 40 mm Hg both samples have a wavy configuration, while above 80 mm Hg the fibers were predominately straightened. (Top right) The circular
distribution of the transmural angle as a function of pressure from fits by Eq. (9). The transmural angle (solid lines) remains around 0° throughout the whole pressure range.
The width (dashed lines) of the distribution becomes almost none existing above physiological pressure. (Bottom) Circular distribution of the helical angle. The solid lines:
represent the main helical angles «; and o, per sample from the fits of Eq. (10). The filled area represents the width of the distribution ¢, and o, for the corresponding angle.
In both samples, above physiological pressure two symmetrical angles appear with a small distribution and are oriented towards nearly the circumferential direction. For
representation purposes the circular distributions are plotted from —180° < o < 180°. Note that —90° and 90° both denote circular orientation.

a number of samples. Our findings support the assumption, used in
many models, that the collagen fibers are organized in a double
symmetrical helix (Badel et al., 2012; Driessen et al., 2005; Holzap-
fel et al., 2000; Sokolis et al., 2011; Sommer and Holzapfel, 2012;
van den Broek et al., 2011). Our results also support the assump-
tion that fibers are located within the axial-circumferential plane.
The observed and quantified gradual straightening can be used to
create a model of arterial wall mechanics that accounts for collagen
waviness (Lanir, 1983; Rezakhaniha and Stergiopulos, 2008; Zulliger
et al., 2004). Obviously, more vessels must be examined to sub-
stantiate our findings. The possibility to measure more complex
geometries, for example bifurcations, should also be explored.
These are common sites for atherosclerotic plaques to develop,
therefore making them especially interesting for modeling and
remodeling studies (Creane et al., 2012). Another possible area of
application includes the study of collagen remodeling in hydrogels
(Nagel and Kelly, 2012).

It should be noted that choices were made in order to observe
and quantify the collagen configuration. The width of the field of
view was chosen at 238 um which is small as compared to the
diameter of the artery but large as compared to the average diam-
eter of the collagen fibers. Thus the changes of the collagen net-
work were observed at a microstructural level. We aimed to
image exactly the same area at subsequent pressure steps. How-
ever, we may not have been able to completely correct for the
shifting and stretching of the tissue with increasing pressure. This
could compromise the analysis between consecutive pressure
steps and might explain the alternating value of the straightened
fiber fraction of sample 2 between 0 and 40 mm Hg (Fig. 6 top left).

For the image analysis choices were made as well. We use a
fixed kernel size of o =2 pixels (Eq. (6)) but a method with a var-
iable kernel size would be able to detect fibers of different diame-
ters more efficiently (Frangi et al., 1998). Secondly, to obtain the
pseudo diffusion tensor (D’) 1 was added in the denominator (Eq.
(8)). This can distort the ratio of the eigenvalues and therefore also
the fiber tracking method (Vilanova et al., 2006). As opposed to the
diffusion tensor the Hessian can have negative eigenvalues. There-
fore the absolute value of the eigenvalues was taken and thus no
distinction could be made between points in area’s going from
light to dark or from dark to light (Frangi et al., 1998). This created
the possibility that the background could be seen as a fibrous
structure and was traced as such.

5. Conclusion

In conclusion, in this study we presented a new combination of
high resolution imaging and automatic image processing to quan-
tify the collagen configuration in the arterial adventitia as a func-
tion of pressure. The approach and results shown in this study
provide a good starting point for modeling of arterial wall mechan-
ics based on the microstructure.
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