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Abstract Mechanical properties of the adventitia are largely
determined by the organization of collagen fibers. Measure-
ments on the waviness and orientation of collagen, partic-
ularly at the zero-stress state, are necessary to relate the
structural organization of collagen to the mechanical
response of the adventitia. Using the fluorescence collagen
marker CNA38-OG488 and confocal laser scanning micros-
copy, we imaged collagen fibers in the adventitia of rab-
bit common carotid arteries ex vivo. The arteries were cut
open along their longitudinal axes to get the zero-stress state.
We used semi-manual and automatic techniques to measure
parameters related to the waviness and orientation of fibers.
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Our results showed that the straightness parameter (defined
as the ratio between the distances of endpoints of a fiber
to its length) was distributed with a beta distribution (mean
value 0.72, variance 0.028) and did not depend on the mean
angle orientation of fibers. Local angular density distribu-
tions revealed four axially symmetric families of fibers with
mean directions of 0◦, 90◦, 43◦ and −43◦, with respect to
the axial direction of the artery, and corresponding circular
standard deviations of 40◦, 47◦, 37◦ and 37◦. The distribu-
tion of local orientations was shifted to the circumferential
direction when measured in arteries at the zero-load state
(intact), as compared to arteries at the zero-stress state (cut-
open). Information on collagen fiber waviness and orienta-
tion, such as obtained in this study, could be used to develop
structural models of the adventitia, providing better means
for analyzing and understanding the mechanical properties
of vascular wall.

Keywords Orientation distribution ·
Waviness distribution · Collagen fibers · Arteries ·
Common carotid artery

1 Introduction

Detailed biomechanical modeling of blood vessels should
ideally be based on the structural properties of the main
constituents of the wall with respect to its different layers.
The adventitia is the outermost layer of blood vessels and its
mechanical properties are determined mainly by the organi-
zation of collagen fibers in this layer. The two main features,
characterizing collagen fiber organization, are its waviness
and angular dispersion. Other factors that could determine
the mechanical properties of the adventitia are collagen
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cross-linking, fiber density and glycoproteins (Williams et al.
2009; Et-Taouil et al. 2001).

Different techniques such as polarized light microscopy
(PLM) (Hilbert et al. 1996; Canham et al. 1991; Smith et al.
1981; Finlay et al. 1995; Braga-Vilela et al. 2008; Rieppo
et al. 2008; Whittaker and Canham 1991), small angle light
scattering (SALS) (Ferdman and Yannas 1993; Sacks et al.
1997; Billiar and Sacks 1997), transmitted light microscopy
(TLM) (Elbischger et al. 2005; Canham et al. 1989), fluo-
rescence microscopy (FM) (Axer et al. 2001; Young et al.
1998), micro coherence tomography (Micro-CT) (Xia and
Elder 2001), optical coherence tomography (OCT) (Hansen
et al. 2002), small angle X-ray scattering (SAXS), second
harmonic generation (SHG) (Boerboom et al. 2007; Wicker
et al. 2008; Bayan et al. 2009) and electron microscopy (EM)
(Franchi et al. 2007; Magnusson et al. 2002; Xia and Elder
2001; Wolinsky and Glagov 1964) have been used to char-
acterize collagen bundle orientation and/or crimp properties
in soft tissue. Fewer studies have focused on quantifying
the organization of collagen fibers within the arterial wall
(Canham et al. 1991; Smith et al. 1981; Finlay et al. 1995;
Canham et al. 1989; Dingemans et al. 2000). The studies on
arteries have been mainly conducted on pressurized (loaded)
and/or chemically fixed and embedded vessels. These pro-
cedures could modify structural organization of tissue com-
ponents (Dobrin 1996). Structural models of the mechanical
response of the arterial wall are ideally based on the knowl-
edge of the true zero-stress state (ZSS) of each wall constitu-
ent, preferably in wet fresh tissue where structural properties
have not been changed. Krahn et al. have recently developed
a new collagen specific fluorescence marker for tissues and
live cell cultures (Krahn et al. 2006) which enables high res-
olution 3D imaging of collagen fibers in wet fresh tissues
(Boerboom et al. 2007).

In this study, we have used the fluorescent marker devel-
oped by Krahn et al. combined with confocal microscopy
and image analysis techniques to quantify the waviness and
angular distribution of collagen fibers in the adventitia of
fresh arteries at their zero-stress state. More specifically, this
study was designed to (a) quantify the waviness properties of
collagen fibers, (b) determine how the waviness distribution
of fibers depends on their main orientation and (c) measure
the local angular distribution of collagen fibers in the adven-
titia of rabbit common carotid arteries.

2 Materials and methods

2.1 Tissue preparation

Fourteen common carotid arteries were excised postmortem
from seven New Zealand white male rabbits weighing 3 ±
0.1 kg from a local slaughterhouse. We selected to use com-

mon carotid arteries of rabbits because they exhibit little
tapering and their properties are fairly uniform along their
length. Arteries were transported on ice in phosphate buf-
fered saline (PBS) to the laboratory and cleaned from the
surrounding tissue. To visualize collagen fiber, the arteries
were incubated over night at 37◦ in a 2 µM solution of
CNA35-OG488 in PBS, which was used as the specific vital
florescent marker for vascular collagen (Krahn et al. 2006).
After incubation, the common carotid artery was cut into two
equal segments of approximately 25–30 mm in length. One
segment was used to measure collagen waviness and orien-
tation in the zero-stress state, which was achieved by cutting
open carefully along the artery’s axis (cut-open group) and
then immersed in PBS for 30 min before imaging (Han and
Fung 1996). The other group was kept intact (intact group) at
its zero-load state. All measurements were done within 24 h
of excision.

2.2 Confocal microscopy

We used an upright confocal microscope (Leica SP5 white
laser, Leica, Germany) to visualize collagen fibers labeled
with the fluorescent marker CNA35-OG488. Arteries were
secured by a pin on a silicone coated Petri dish filled with
PBS, with the adventitia facing upwards (Fig. 1). The thick-
ness of the adventitia layer of rabbit carotid arteries is about
0.13 mm. Two circumferential lines close to each border were
marked by a blue Miller’s elastic stain as shown in Fig. 1.
The distance between these lines was measured before and
after fixing the tissue on the Petri dish to ensure that the
arteries were not stretched. In addition, the field of view was
rotated in a way that the horizontal axis of images was par-
allel with the axial axis of the vessel. The fluorescent marker
was excited at 488 nm by an Argon laser and a photomul-
tiplier tube (PMT) detector was defined at 498–550 nm to
collect the emitted fluorescent signal. Ten arterial segments
per group were scanned at 5 different locations along the
longitudinal axis. At each location, a z-stack with a step size
of 0.5 µm was obtained, resulting in a total image size of
238 µm × 238 µm ×∼ 100 µm, with 512 × 512 pixels in
each 2D image. In total, 50 z-stacks were imaged for each
group. Figure 1 shows an example of the image stack after 3D
reconstruction by IMARIS software (Bitplane, Switzerland).

2.3 Image analysis

2.3.1 3D measurement of fiber angle

The orientation of collagen bundles in two representative
z-stacks from each group was measured by manually locat-
ing endpoints of each collagen bundle using IMARIS Soft-
ware. Figure 2 shows an example of the 3D reconstruction of
collagen fibers from the z-stacks. Fibers have been manually
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Fig. 1 The arterial segment is
placed on a silicon-coated Petri
dish (not shown) with the
adventitia facing upwards and
an example of the 3D
reconstruction of outermost
layer of adventitia is presented.
θ is the circumferential direction
and z the axial direction
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Fig. 2 Latitude (radial) angle ϕ measured by manual tracing of fibers
in a representative 3D reconstruction of z-stacks. z, θ , r correspond to
the longitudinal, circumferential, and radial directions

traced and the global orientation of each fiber has been mea-
sured in a spherical coordinate system. The orientation of a
fiber in 3D could be therefore described by the azimuthal
angle δ (between −π/2 and π/2) and the latitude (radial)
angle ϕ (between 0 and π) as shown schematically in Fig. 2.

2.3.2 2D image analysis

Based on the assumption that the radial angle ϕ is small
and in order to facilitate the image analysis, the z-stacks

Fig. 3 Definition of measured parameters i.e., global angle (a), thick-
ness (t), and length (L f ) of a fiber bundle as well as the length (Lo) of
a straight line connecting the ends of the measured fiber bundle

were flattened using the maximum intensity projection (MIP)
available in ImageJ software (NIH, Bestheda, Maryland,
USA).

2.4 Measurement of waviness and global angle of collagen
bundles

To quantify the waviness characteristics and global angle
of collagen bundles in the zero-stress state, all 2D images
from the cut-open group were analyzed semi-automatically.
Figure 3 shows the parameters measured for each collagen
bundle on the image i.e., the distance between visible end-
points of a collagen bundle (L0), the length of the fiber bundle
(L f ), the thickness (t) measured in three different locations
along each bundle, and the global angle of bundles (a) which
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is the angle between the main axis of the fiber and the axial
direction z as specified in Fig. 3. This angle could take values
between −90 and 90 degrees. These parameters were mea-
sured using NeuronJ, an ImageJ plug-in originally developed
for Neurite tracing and analysis (Meijering et al. 2004). The
plug-in facilitates following the fibers on a 2D image and
gives as the output the fiber length (L f ) as well as the coor-
dinates of the endpoints. Most bundles are larger than the
field of view. Therefore, we emphasize that these parameters
are measured for the part of the bundle visible in the field of
view.

To quantify the waviness of fibers, we introduced the
straightness parameter (Ps) defined as,

Ps = L0/L f (1)

Ps is bounded between 0 and 1. The lower the value of Ps , the
wavier the fiber is. A bundle with Ps = 1 indicates a totally
straight fiber. Ps converges to zero when the fibers get very
wavy. This parameter could be particularly useful for mod-
eling the gradual engagement of wavy collagen fibers which
will be discussed later. In addition, we estimated the size of
the bundle by,

S̃ = L f · t̄ (2)

where t̄ is the mean thickness of collagen bundles. Thus,
each bundle could be characterized by three parameters, i.e.,
a straightness parameter Ps , a global angle and an estimated
size S̃. To give more importance to measurements from larger
bundles which contain more collagen fibers than the smaller
ones, in the estimation of mean straightness parameter Ps

and the mean angle a, the individual bundle values of Ps and
a were weighted by the size S̃ of the corresponding bundle.

2.5 Waviness distribution analysis

To quantify the waviness characteristics of collagen fibers,
we analyzed the distribution of the straightness parameter.
First, we used a bi-variate histogram to visualize the fre-
quency of straightness parameter Ps and the global angle
a, based on the weighted dataset. Second, the dataset was
used to plot a univariate probability density for the straight-
ness parameter regardless of the global angle using MATLAB
(The MathWorks, USA). This means that the probability den-
sity was extracted from all values of Ps in the dataset. A beta
and an extreme value distribution were fitted to the Ps val-
ues. Beta probability distribution is a statistical distribution
defined between 0 and 1 as,

f (Ps;α, β) = Pα−1
s (1 − Ps)

β−1

B(α, β)
, 0 < Ps < 1 (3)

where α and β are shape parameters of the distribution and
B(α, β) is the beta function,

B(α, β) =
1∫

0

tα−1(1 − t)β−1dt (4)

As for the extreme value distribution, it is defined as,

f (Ps;μ, σ)=σ−1 exp

(
Ps − μ

σ

)
exp

(
− exp

(
Ps − μ

σ

))

(5)

where μ is the location parameter and σ > 0 the scale param-
eter.

Third, to decide whether Ps is distributed more accurately
by a beta or an extreme value distribution, we have used prob-
ability plots of the data for both distributions using statistics
toolboxTM available in MATLAB. The probability plot is a
graphical technique for assessing whether or not a dataset
follows closely a given distribution. The plot includes a ref-
erence line useful for judging whether the data follow well
or not the particular distribution. The closer the probabil-
ity plot of data to this line, the better the data follow that
particular distribution (Chambers et al. 1983). Finally, using
the bivariate histogram, the weighted data were divided to
six groups based on their global angle a, starting from −90
with 30◦ steps, and the probability density of the straight-
ness parameter for each angle group was determined. Then,
we fitted the beta distribution to all six groups of fibers and
compared the distribution parameters. This step helped us to
decide whether the distribution of the straightness parameter
Ps depends on the global angle or not.

2.6 Local angle analysis

2.6.1 Image analysis tool

To estimate the local orientation of the collagen fibers, we
used OrientationJ, which is an ImageJ plug-in developed in-
house based on structure tensors. Structure tensors are matrix
representatives of partial derivatives and are commonly used
in the field of image processing (Jahne 1993; Bigun et al.
2004). OrientationJ evaluates the local orientation and iso-
tropic properties (coherency and energy) of every pixel of
the image. These values are derived from the structure ten-
sor defined for each pixel as the 2 × 2 symmetric positive
matrix J,

J =
[

< fx , fx >w < fx , fy >w

< fx , fy >w < fy, fy >w

]
(6)

where fx and fy are the partial spatial derivatives of the
image f (x, y), along the principal directions x and y, respec-
tively. Furthermore, the weighted inner product between two
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arbitrary images g and h is defined as,

< g, h >w =
∫∫

R2

w(x, y)g(x, y)h(x, y)dxdy (7)

w(x, y) is the Gaussian weighting function that specifies the
area of interest. Once the structure tensor is known, local ori-
entation, energy and coherency for each pixel could be easily
calculated (Jahne 1993). The local predominant orientation
θ in the considered region corresponds to the direction of the
largest eigenvector of the tensor and it is thus given by,

θ = 1

2
arctan

(
2

< fx , fy >w

< fy, fy >w − < fx , fx >w

)
(8)

The energy parameter E is the trace of the tensor matrix,

E = Trace(J ) =< fx , fx >w + < fy, fy >w (9)

Pixels with higher energy values correspond to less isotropic
and more clearly oriented structures.

The coherency parameter C is defined as the ratio between
the difference and the sum of the tensor eigenvalues,

C = λmax − λmin

λmax + λmin

=
√(

< fy, fy >w − < fx , fx >w

)2 + 4 < fx , fy >w

< fx , fx >w + < fy, fy >w

(10)

where λmax is the largest and λmin the smallest eigenvalue,
respectively. Coherency is bounded between 0 and 1, with 1
indicating highly oriented structures and 0 indicating isotro-
pic areas.

In OrientationJ, the tensor J is evaluated for each pixel of
an input image by computing the continuous spatial deriva-
tives in x and y using a cubic B-spline interpolation (Unser
et al. 1993). The local orientation, coherency, and energy are
computed based on Eqs. 8, 9 and 10. In our directional anal-
ysis, we included only the angular values from parts (pixels)
of the images which effectively correspond to fiber edges, as
the orientation information from uniform areas is not signif-
icant. To do this, we used the energy of derivatives and the
coherency values to discriminate between significantly and
not-significantly oriented areas. Therefore, the histogram of
the orientation is built with pixels which have at least 2% of
normalized energy. Moreover, the orientation values in the
histograms are weighted by the coherency values to give more
importance to the orientations which correspond to elongated
structures in the local neighborhood.

We made the OrientationJ plug-in and an ImageJ macro
for angle analysis batching available online at http://bigwww.
epfl.ch/demo/orientation. OrientationJ computes the orienta-
tion, energy and coherency maps of an image and its weighted
orientation histogram. It is possible to set thresholds on the

energy and coherency maps to select the image orientation
values to be included in the angles histogram. The plug-in
also outputs a hue-saturation-brightness (HSB) color-coded
map which shows the angles of the oriented structures in the
image as shown in Fig. 4.

2.6.2 Fitting local angles

Using OrientationJ plug-in for ImageJ, we obtained the his-
togram of local angles for all individual images of collagen
fibers. Next, we summed up the individual histograms from
images in each group to calculate local orientation of both
cut-open and intact groups. The probability density function
(PDF) of the local angles for each group was then calcu-
lated by normalizing local angular histograms. We fitted an
empirical PDF by a four modal directional PDF representing
4 families of fibers. The angular distribution of each fam-
ily was modeled with a π -periodic von Mises distribution
(Mardia and Jupp 2000) which is the π -periodic equivalent
of a Gaussian distribution in directional statistics,

R(θ;φ, b) = 1

π I0(b)
eb cos(2(θ−φ)) − π

2
≤ θ <

π

2
(11)

I0 denotes the modified Bessel function of the first kind and
order 0, which is defined as,

I0(b) = 1

2π

2π∫

0

eb cos θ dθ (12)

The parameter ϕ is the mean orientation and the parameter b
is the concentration parameter.

The distribution is symmetric about θ = ϕ and the circu-
lar standard deviation σ of this distribution is (Mardia and
Jupp 2000),

σ =
{
−2 log

(
I1(b)

I0(β)

)}1/2

(13)

I1 denotes the modified Bessel function of the first kind and
order 1,

I1(b) = 1

2π

2π∫

0

cos θ eb cos θ dθ (14)

We assumed cylindrical symmetry around the z axis of arter-
ies. Based on this assumption and the shape of the empirical
PDF, families of fibers to fit the data were assumed having
mean angles of ϕ1,−ϕ1, π/2 and 0 with shape parameters
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Fig. 4 Results of the OrientationJ, the imageJ plug-in developed to get the histogram of local angles, the orientation, energy and coherency maps
of an image and the HSB color-coded map

b1, b2, b3 and b4, respectively. Therefore the fitted probabil-
ity density distribution was defined as,

T R(θ;ϕ1, b1, b2, b3, b4)

= 1

4
R(θ;ϕ1, b1) + 1

4
R(θ;−ϕ1, b2)

+1

4
R(θ; π

2
, b3) + 1

4
R(θ; 0, b4) − π

2
≤ θ <

π

2
(15)

2.7 Transformation law

The deformation of the arterial wall is assumed as an affine
deformation. Furthermore, in order to simplify the analy-
sis, the collagen bundles are assumed to lie only in the cir-
cumferential–axial plane. Based on the above assumptions,
one can obtain the density probability of local orientations
in the deformed state (intact) based on the zero-stress state
(cut-open). As seen in Fig. 5, if λθ and λz are the stretches
in the circumferential and axial directions, respectively, and
θ0 and θ1 are the local angles of fibers with respect to the
axial direction in the initial state (cut-open) and the deformed
state (intact), respectively; the angles are then related to each
other by,

tan θ1 = λθ

λz
tan θ0 (16)

θ

θ0sinθλθ

0cos θλ z

0cos θ

0sin θ

Fig. 5 Mapping of local angles from the original state (θ0) to the
deformed state (θ1). The angles θ0 and θ1 are related to each other
with Eq. 16. λθ and λz are the stretches in the circumferential and axial
directions, respectively

R0 and R1 are density distributions for local angles between
−π /2 and π /2. Therefore,

π/2∫

−π/2

R0(θ0)dθ0 =
π/2∫

−π/2

R1(θ1)dθ1 = 1 (17)
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The function of θ1 versus θ0 is monotonic and the above
equation results in,

R0(θ0)dθ0 = R1(θ1)dθ1 (18)

R1(θ1) = R0(θ0)
dθ0

dθ1

= R0(θ0)
cos2 θ0

λθ

λz
cos2

(
tan−1

(
λθ

λz
tan θ0

)) (19)

Therefore, if R0 is known, R1 could be calculated based on
the ratio of λθ/λz and the distribution R0. The transformation
law has been applied on the data to find out the corresponding
ratio of λθ/λz .

3 Results

In this study, we have used manual, semi-automatic, and auto-
matic techniques to quantify the statistical distribution of
parameters related to the orientation and waviness of fibers
in the adventitia of rabbit carotid arteries.

Figure 2 shows an example of the 3D reconstruction of col-
lagen fibers from the z-stacks. The latitude (radial) angles,
manually measured from the 3D reconstruction of samples,
are listed in Table 1. The mean value of the absolute radial
angle was measured as 5.6◦ and 6.1◦ in the cut group and
4.8◦ and 1.7◦ in the uncut group. Based on these small angle
values, the fibers were practically lying in the z-θ (axial–
circumferential) plane in both groups. This trend was also
observed visually in all z-stacks.

Figure 6 shows the weighted frequency of bivariate data,
i.e., the set of global orientations and straightness from the
cut group. The same dataset was used to create Figs. 7 and 9.
Figure 7 shows the probability density of the straightness
parameter Ps regardless of the global angle of the data. This

Table 1 Latitude (radial) angle measurements of 4 representative sam-
ples

Group Cut Uncut

Sample S1 S2 S3 S4

ϕ (deg) 13.8 3.0 5.4 −1.2

9.2 3.0 4.6 −2.7

3.3 7.0 3.8 0.3

−9.0 14.9 −4.6 −0.8

0.0 6.1 −2.8 2.0

−0.6 9.6 −8.0 4.6

−3.4 3.2 −3.3 1.5

−5.9 2.3 −5.6 0.7

Mean (|ϕ|) 5.6 6.1 4.8 1.7

std (|ϕ|) 4.7 4.3 1.6 1.4
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Fig. 6 Bivariate histogram of straightness parameter (Ps) and global
angles with respect to the axial direction of the artery based on the entire
weighted dataset
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Fig. 7 Univariate probability density of straightness parameter (Ps)

using all weighted data regardless of the global angle: empirical and
corresponding fits from beta and extreme value distributions

means simply that Fig. 7 plots the density of all weighted
straightness parameters Ps . In addition, Fig. 7 includes the
best fits for beta and extreme value distributions on the exper-
imental density distribution of the straightness. Parameter
values from best fits are reported in Table 2. The best fit for
the beta distribution resulted in α = 4.47 and β = 1.76
and the best fit for the extreme value distribution resulted in
μ = 0.800 and σ = 0.133. To assess how well the dataset
followed each of these distributions, the probability plots of
the data for both distributions were plotted in Fig. 8. Based on
Fig. 8, the data are closer to the straight line for the beta dis-
tribution than the extreme value distribution. This indicates
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Table 2 Parameters of the distribution fits on straightness
parameter, Ps

Distribution Extreme values Distribution Beta

Log likelihood 2377 Log likelihood 2480

Domain −∞ < y < ∞ Domain 0 < y < 1

Mean 0.720 Mean 0.718

Variance 0.029 Variance 0.028

Parameter estimate Parameter estimate

μ 0.800 α 4.47

σ 0.133 β 1.76
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Fig. 8 Probability plot of beta and extreme value distributions versus
the experimental data. The experimental data seem to follow better the
beta distribution

that the experimental data follow better the beta distribution
than the extreme value distribution.

Figure 9 shows probability densities of weighted straight-
ness for groups of different global angle ranges and the cor-
responding fitted beta distribution. More precisely, Fig. 9a
shows the probability density of the weighted straightness
parameter Ps for fibers with global angles between −89◦
and 60◦,−59◦ and −30◦,−29◦ and 0◦, 1◦ and 30◦, 31◦ and
60◦, and 61◦ and 90◦. To compare the distribution for the

different angle ranges (Fig. 9a) and the one variable distribu-
tion (Fig. 7), all the fits have been plotted in Fig. 9b. The thick
black line shows the best fit from Fig. 7 (angle independent
density distribution).

Table 3 shows the parameters of the beta distribution fits
on straightness parameter distributions for all global angle
dependant groups and the univariate set of the data (regard-
less of global angle). The shape parameters α and β, related
to the univariate Ps distribution, were found to be α = 4.7
and β = 1.8. The distributions pertaining to different angle
groups were similar in shape; the shape parameters were α =
4.8 ± 0.5 and β = 1.8 ± 0.2 and differed only slightly in α.

The orientational density of local angles as well as the
fitted PDF have been plotted in polar coordinates in Fig. 10
for both cut-open and intact groups. For simplicity, the den-
sities are plotted between −π /2 and π /2. As it can be seen,
the experimental data show a four modal distribution. For
this reason, we have used a PDF composed of four π -peri-
odic von Mises distributions, representing four families of
fibers. Figure 10a shows the local angle densities related
to the cut-open group. Based on the fitted distribution, the
four modes occur at 0◦ (axial direction), 90◦ (circumferen-
tial direction), 43◦ and −43◦ with circular standard deviation
(CSD) of 40◦, 47◦, 37◦ and 37◦, respectively. Based on these
derived CSDs, the distribution appears less variable around
43◦ and −43◦ than around 0◦ and 90◦.

Figure 10b shows the local angle distributions for the
uncut group. Compared to Fig. 10a (cut group), the distri-
bution is shifted to the circumferential direction. The fami-
lies of fibers with mean orientations of 43◦ and −43◦ have
been relocated to mean orientations of 47◦ and −47◦, respec-
tively. Furthermore, the value of probability density function
has decreased in the axial direction (at 0◦) by 32% while
it has increased in the circumferential direction (at 90◦) by
19%.

Figure 11, shows the measured density distribution of
local angles for both cut and uncut groups. Figure 11 also
shows the predicted density distribution for the intact group
based on the distribution of the cut-open group and applying
the deformation with λθ/λz = 1.24 using Eq. 19. This corre-
sponds to the deformation needed to bring the cut-open group
geometry to the intact (uncut) geometry. The results showed
that a transformation of the probability density distribution
for cut-open arteries using a deformation with equivalent cir-
cumferential to axial stretch ratios of λθ/λz = 1.24, results
in the same distribution as the uncut arteries.

4 Discussion

We quantified the waviness and angular distribution of col-
lagen fibers in the adventitia of fresh rabbit common carotid
arteries. Our results showed that the straightness of fibers
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Fig. 9 Distribution of straightness parameter in various ranges of global angles i.e., a beta distribution fitted (dashed line) to experimental data
(bars) and b comparison of all fitted distributions for the different angle ranges (dashed lines) and the angle independent beta distribution (black
line)

Table 3 Shape parameters of the fitted beta distributions

Angle range Parameter estimation Mean and variance

α β Mean Variance

(−89◦,−60◦) 5.5 2.1 0.721 0.023

(−59◦,−30◦) 4.4 1.7 0.701 0.031

(−29◦, 0◦) 4.2 1.9 0.691 0.030

(1◦, 30◦) 4.9 1.8 0.734 0.025

(31◦, 60◦) 4.4 1.6 0.736 0.028

(61◦, 90◦) 5.2 2.0 0.727 0.024

Univariate 4.7 1.8 0.718 0.028
set of data

at the zero-stress state was best represented by a uni-modal
beta distribution function with shape parameters α and β

equal to 4.5 and 1.8. These parameters determine the shape
of the distribution and indicate specifically the probability
density of the straightness parameter. In addition, the wavi-
ness distribution of fibers did not depend on the global fiber
angle. The beta distribution fitted the straightness densities
for all different groups of global angles, though the values
for shape parameters were slightly different in each group.
Finally, the automatic analysis of local angle revealed the
existence of four main families of fibers. The distribution
of angles was fitted by a four modal orientational distribu-
tion composed of four π -periodic von Mises distributions.

Fig. 10 Orientational density
of local angles and fitted PDF
for cut-open (top) and intact
(bottom) groups, in polar
coordinates. The four modes
with the corresponding CSD are
presented on the table
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Fig. 11 Measured density distribution of local angles for both cut-open
(dotted line) and intact (line) groups, and predicted density distribution
of the intact group based on the distribution of the cut-open group.
The mapping of local angles of arteries from cut-open to intact state is
obtained by using circumferential to axial stretch ratio (λθ/λz) equal to
1.24

The local angle distribution of the intact group (uncut arter-
ies) was shifted to the circumferential direction compared to
the corresponding distribution of the cut group (zero-stress
state). The mapping of the distributions from the ZSS (cut) to
the intact group (uncut) could be explained by a simple geo-
metrical transformation, the “folding and joining together”,
of the cut-open artery (ZSS) to the intact zero-load state,
which yields a circumferential to axial stretch ratio of around
1.24.

4.1 Collagen visualization

To visualize collagen fibers in the adventitia of unfixed
arteries, we labeled adventitial collagen with CNA35-OG488
fluorescent marker recently developed by Krahn et al. (2006)
and imaged the adventitia layer using laser confocal micros-
copy. The CNA35 probe is specific for collagen present
in the cardiovascular tissue (type I and III) and can reveal
small collagen fibers as well as more mature structures in
living tissues without altering the structure. Therefore, the
probe can be potentially used to study collagen remod-
eling in living tissues (Krahn et al. 2006), e.g., for tis-
sue engineering purposes. Moreover, the probe could be
used to visualize collagen fibers of blood vessels under
various mechanical loading. The probe has a low binding
affinity and does not affect mechanical properties of the
tissue, is small, and can thus readily diffuse into the tis-
sue. Collagen fibers and bundles can also be visualized
in tissue without labeling agents or fixative as a result of
its intrinsic properties such as bifringence under polarized

light microscopy (Finlay et al. 1995; Hilbert et al. 1996),
auto-fluorescence (Voytik-Harbin et al. 2001), and second
harmonic generation (SHG) (Campagnola and Loew 2003;
Boulesteix et al. 2006). Techniques for 3D visualization
of collagen without specific probes include auto-fluores-
cence, confocal reflection microscopy (Roeder et al. 2002),
and second harmonic generation using femtosecond pulsed
infrared excitation (Boulesteix et al. 2006). However, these
techniques have some drawbacks. Auto-fluorescence is not
specific enough for collagen, as several tissue constituents
possess intrinsic auto-fluorescent properties. In addition,
auto-fluorescence intensity of collagen is relatively low. Con-
focal reflection microscopy is subjected to the same draw-
backs. As for the SHG, strong forward scattered SHG does
enable the visualization of collagen in tissues; however,
depending on tissue properties, forward SHG is not always
feasible. In dense and thick tissues, such as large arteries,
it is difficult to obtain images with the forward scattered
SHG. These tissues require additional techniques to image
collagen in backward geometry i.e., in direction opposite to
the direction of the excitation laser, which results in a much
weaker signal. In a recent study, Boerboom et al. (2007) com-
pared the imaging of collagen with CNA35 probe and back-
ward geometry SHG signal. They observed that the SHG
in backward geometry was much weaker than the fluores-
cent signal of the probe. Similarly, this was observed in
our preliminary studies on rabbit common carotid arter-
ies. On the other hand, the probe has some limitations
mainly due to the diffusion depth into the tissue. Megens
et al. (2007) showed limited labeling of the probe in viable
elastic and muscular arteries. In our preliminary study on
rabbit common carotid arteries, we also observed limited dif-
fusion of the probe through the external and internal elastic
lamellae after incubation overnight. In summary, labeling
collagen with the CNA35-OG488 enabled us to visualize
collagen fibers in fresh unfixed tissue with depth of mea-
surement ∼0.1 mm; the thickness of the adventitia layer is
about 0.13 mm. The fluorescent signal was collagen specific
and strong enough to image the adventitial fibers well and
in good detail. However, the diffusion depth of the probe is
limited and probably could not be used in arteries with thick
elastin lamellae to access collagen fibers in other layers of
arterial wall.

4.2 Analysis of collagen fiber waviness

We quantified the collagen fiber straightness parameter, Ps ,
in the adventitia and calculated its empirical probability
density function, which we fitted with a beta distribution.
Straightness parameter, Ps , defined as the ratio of the dis-
tance between endpoints and the arc length of the fibers, is
the inverse of the straightening stretch of fibers. The straight-
ening stretch is the stretch to be applied along the fiber to get it
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straightened. Therefore, Ps distribution is of particular inter-
est for developing structural models of arterial tissue, which
take into account the waviness of fibers (Zulliger et al. 2004;
Cacho et al. 2007). These studies are mainly influenced by an
earlier framework proposed by Lanir (1983). In this frame-
work, to include waviness of fibers, it is assumed that fibers do
not bear load at their wavy state and that there is a straighten-
ing stretch along the fiber, λs , at which the fiber engages and
starts bearing load. Ps is assumed to have a statistical distri-
bution, which should be characterized at the zero-stress state
of the arteries. Despite the fact that a complete characteriza-
tion of the statistical distribution of waviness or straightness
parameter is needed to realistically model the tissue, the num-
ber of experimental studies which have addressed the issue
are limited (Elbischger et al. 2005).

To the best of our knowledge, this is the first study which
quantifies the waviness distribution of collagen fibers in the
adventitia under the zero-stress state of arteries. Based on
this work, the Ps distribution could be fitted with a beta dis-
tribution with a mean value of 0.72 and a variance of 0.028.
Both shape parameters are more than 1 (α = 4.7, β = 1.8)
and therefore the distribution is uni-modal. In this study, dif-
ferent distributions such as lognormal, log-logistic, extreme
value, gamma, and beta have been fit to the data (results not
shown) and it was evident that the beta and extreme value
distribution fit the empirical PDF the best. A more detailed
study on probability plots of the data for the beta and extreme
value distribution, showed that the data were best fitted by
the beta distribution (Fig. 8).

Our results have shown that the shape of the PDF for Ps

was similar for the fibers of groups with different global
angles. This means that the same distribution for straight-
ening stretch could be used for different families of fibers in
different orientations, or, stated otherwise, the distribution for
straightening stretch is not dependent on fiber angle. Shape
parameters differed only slightly between groups. Mean and
variance of these distributions are shown in Table 3. The dif-
ference between variances could be a result of sampling on
the distribution as the number of measurements was fairly
small (less than 500 for each group of angles). This infor-
mation is indeed valuable for constructing structural models
of arterial adventitia where both waviness and orientational
distributions of collagen fibers are included in the model.
Moreover, preliminary results (not presented) suggest that
thinner bundles are less wavy.

4.3 Analysis of local angle distribution

Based on our results, the distribution of local collagen fiber
angles included four peaks (modes), suggesting four main
orientations and therefore four families of fibers. This led
us to the choice of the distribution given by Eq. 15, which
consists of four π -periodic von Mises distributions summed

up and normalized between −π /2 and π /2. The parameters
bi i = 1, 2, 3, 4 were free to fit the data. The b parameter
of the von Mises distribution determines its circular standard
deviation (CSD), as defined in Eq. 13. However, the standard
deviations derived from local angle dataset should not be con-
fused with the circular standard deviation of global angles of
fibers. The standard deviation of local angle distribution does
not only depend on the standard deviation of global angles,
but also depends on local variations of angles due to the fiber
waviness. The separation between these two variations is
not straightforward and requires segmentation of images into
areas with a common mean orientation. Elbischger et al. stud-
ied local extraction of crimp parameters of collagen fibers
from a single image (Elbischger et al. 2004). The images
were taken using light microscopy from sliced fixed paraf-
fin-embedded human iliac arteries. The same image analy-
sis method could be applied on the current data to get more
detailed information of the standard deviation of global angle
of fibers.

Few experimental studies are available on orientation
of fibers in the arterial adventitia. Smith et al. (1981)
studied the orientation of collagen in the adventitia of
human cerebral arteries. The arteries were fixed under
a transmural pressure of 100 mmHg. They reported an
average circumferential direction with a surface compo-
nent of longitudinal fibers (Smith et al. 1981). Canham
et al. (1989) followed the same approach and reported
a circumferential direction of fibers (CSD=22.3) for the
adventitia of human coronary arteries fixed at 120 mmHg.
Canham et al. (1992) found the mean angular devia-
tion of alignment of fibers to be ± 30◦ for human brain
arteries fixed at zero transmural pressure. For arteries
fixed at 200 mmHg, they reported ± 7◦ for the inner and
±13◦ for the mid-adventitia layer, respectively. In addi-
tion, in two sections of frozen arteries fixed at 120 mmHg,
the results showed that the alignment was within the
range of measurements for wax embedded tissue. In a
recent study, Finlay et al. (1995) reported a mean heli-
cal angle of 70◦ (CSD=36), 53◦ (CSD = 32◦) and
14◦ (CSD = 23◦) with respect to the circumferential
direction for human brain arteries fixed at 30, 120, and
200 mmHg. These studies have been mainly performed on
sections from fixed and paraffin embedded arteries at a spe-
cific luminal pressure. The fixation, dehydration, and par-
affin embedding causes shrinkage and could change the
morphology of the tissue (Dobrin 1996), albeit a mainly iso-
tropic shrinkage would affect less the orientation data. More-
over, the measurements focus on pressurized blood vessels
and do not quantify the organization of fibers at the zero-
stress state of arteries, as needed for modeling purposes.
In addition, none of the studies reported the longitudinal
stretch at which the arteries were fixed. In the current study,
we have measured the structure-related parameters on fresh
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unfixed tissue and at zero-stress state having in mind that
such information is needed to develop structural models of
the arterial wall.

In addition to the cut-open arteries, we also imaged the
collagen on the adventitia of intact arteries at their zero-load
state (ZLS), i.e., at zero transmural pressure and no axial
load. The local angle distribution in intact arteries showed
a shift to the circumferential direction as seen from Fig. 10.
The PDF of the orientation angle in the axial direction (0◦)
was reduced by around 20%; in the circumferential direc-
tion it was increased by 23%. The transformation model pre-
dicts a value of 1.24 for λθ/λz , when the arterial geometry
goes from the zero-stress state (cut-open) to zero-load state
(intact). The relative increase in the circumferential stretch
is a direct result of the “closing” of the artery from the ZSS
to ZLS, which entrains a significant positive circumferen-
tial strain on outer (adventitial) layer of arteries. As adventi-
tial fibers are strained more in the circumferential direction,
their mean orientation would also shift to the circumferential
direction, which is consistent with our results. This could
also explain the results of Finlay et al., where, the higher
the pressure at which arteries were fixed and imaged, the
closer the circumferential direction was to the mean orien-
tation of collagen fibers. This observation also emphasizes
that measurements of fiber angles at zero-stress state could
give different results from measurements done on intact or
pressurized arteries.

4.4 Limitations

There are a number of assumptions and limitations in the
methods of the present work. We assumed that fibers were
mainly located in the circumferential–longitudinal plane,
which allowed us to flatten the 3D data to 2D. This was done
in order to facilitate the analysis and particularly the semi-
manual calculation of the waviness; however, this assumption
takes out some useful information such as the contribution
of out of plane fibers. In addition, using the 2D data does not
help recognize any differences in the orientation or waviness
of collagen fibers in different layers of adventitia. Because
the data are not used in their full power, further image anal-
ysis tools should be developed to study appropriately the 3D
set of data. Moreover, semi-manual technique to calculate
the Ps parameter is time consuming and the size of fibers
are approximated to weigh the data. More elaborate image
analysis techniques are needed to automatically segment the
3D images and calculate relevant values such as length and
size of the fibers.

The method that has been used to obtain the zero-stress
state in the present work gives an approximation of this state,
as previous studies have shown that a single radial cut does
not reveal the true zero-stress state (Greenwald et al. 1997).
The method to visualize collagen fibers with the use of the

fluorescent marker needs the arteries to be incubated for a
long time. Although all measurements were done within 24 h
of excision, the prolonged storage of the arterial segments
could affect the tissue organization and the parameters mea-
sured. Finally, most of the bundles of fibers were larger than
the size of the obtained image and thus the bundles could be
traced only along their length constrained by the size of the
image.

5 Conclusions

We have quantified the waviness and local distribution of
collagen fibers in adventitia of fresh unfixed rabbit com-
mon carotid arteries. The results from 50 arterial locations,
∼ 100 µm depth each, show the existence of four families of
fibers in the zero-load stress state of the arteries. The wavi-
ness of fibers does not depend on the fiber orientation. The
significant shift of local angular distributions to the circum-
ferential direction from cut-open arteries to intact (no load)
arteries shows that angular data from arteries at no load con-
ditions as well as loaded and axially stretched arteries could
not be used to define the angular orientation of fibers in ZSS.
Despite its limitations, the results of this study could be par-
ticularly useful for developing structural models of arterial
tissue.
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