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Characterizing 3-D Geometry of Mouse Aortic Arch Using Light
Stereo-Microscopic Imaging
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Abstract—The vascular geometry may play an important
role in the development of atherosclerosis by modulating the
local hemodynamics and mechanical stresses of the vessel wall.
The mouse is now the most popular animal model to study
cardiovascular disease. Here, we present a method to
characterize the 3-D geometry of mouse aortic arches by
casting and light stereo-microscopic imaging. After calibration
of the stereo-microscopic imaging system, the 3-D axis of an
aortic cast is reconstructed using two stereo images. Based on
the analysis of this 3-D curve, a geometry-based definition of
the arch segment is given, and some geometric features,
including curvature, torsion, and symmetry, have been derived.
Casts from a C57BL6 and a SVEV mouse have been processed.
This method will be used to detect the geometric difference of
the aortic arch among different mouse strains.

1. INTRODUCTION

Cardiovascular disease is still the No. 1 cause for
mortality of Americans [1]. Besides the traditionally
identified risk factors, such as hypercholesterolemia,
hypertension, smoking, diabetes, and gender, there is ample
evidence that vessel wall mechanics and hemodynamics may
play an important role in atherosclerosis [2-5]. From
fundamental mechanics, both the fluid dynamics in the
vessel and the stress distribution in the vessel wall are
dependent on the vessel geometry. Therefore, it is plausible
that some geometric features may affect the course of
atherosclerosis in the vessel through their influence on the
local mechanical environment, which would be “geometric
risk factors”.

To study “geometric risk factors” based only on human
subjects is difficult due to the unavailability of non-invasive
observational approaches and in vivo histological and
genetic techniques, let alone patient availability, risks and
costs. For almost a century, animals, including avian,
rodents, rabbits, dogs, swine, and nonhuman primates, have
been used as experimental models in studying
atherosclerosis [6]. However, few of these studies focused
on vascular geometry. Over the last decade, the mouse has
become the predominant species to study atherosclerosis [7,
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8], owing to the availability of knockouts that demonstrate
rapid development of human-like vascular disease, pure
strains that can be used to probe heritability of disease, and
the relatively low experimental cost. The small size of mice
facilitates the use of large group numbers that can be
maintained in highly controlled environments when studying
a specific atherogenic mechanism.

Although there are a few micro-imaging techniques that
have the capability to directly view the geometry of the
mouse vessels, such as magnetic resonance imaging (MRI)
[9], and microangiography [10, 11], the imaging cost is still
very high relative to the cost of the animals. Light stereo-
microscopic imaging (LSMI) is an inexpensive technique for
the three-dimensional (3-D) reconstruction of micro-scale
objects based on the two-view vision theory [12]. This
reconstruction technique has been widely applied in biplane
angiography to reconstruct coronary arteries in 3-D [13-16].

The aortic arch is often selected to study atherosclerosis
in mice, because this area is very susceptible to the disease.
In this paper, we use LSMI to reconstruct 3-D axes of mouse
aortic arches from their casts, and obtain several geometric
parameters based on the 3-D axis curve. The geometric
features between two common used mouse strains, C57BL6
and SVEV, are compared. Section II is a brief summary of
the cast preparation. Our LSMI system, and the system
calibration and 3-D reconstruction algorithms are presented
in Section III, as well as the geometric features extracted
from the cast axis. Results are shown in Section IV. Section
V is the conclusion.

Fig. 1. The aortic cast from the C57BL6 mouse.
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II. MATERIALS

Aortic casts were made in two strains of mice (C57BL6
and SVEV) using Batson’s No. 17 Plastic Replica and
Corrosion Kit from Polysciences, Inc. Final perfusion
volumes were scaled down to 2.0 ml per mouse.
Immediately following a lethal dose of avertin, the aorta of
each mouse was catheterized with MRE 025 tubing
(Braintree, Inc) just proximal to the iliac bifurcation. The
mouse was then perfused, first with 3 ml heparanized saline
(40 unit/ml), and then by freshly prepared casting material
until approximately 1.0-1.5 ml had been infused over
approximately 4-5 minutes. A small puncture of the vena
cava allowed draining of the vascular bed and exit of excess
casting material. Carcasses were placed at 4°C overnight
and subsequently placed in a maceration solution (saturated
KOH) at 37°C with frequent volume changes to clear
surrounding tissue (24-48 hrs). Small branches were
trimmed with only the aorta and major branches remaining
for imaging. Fig.1 shows a C57BL6 cast.

III. METHODS

A. Stereo-microscopic Imaging System

The imaging system is based on a Nikon SMZ1000
stereomicroscope (Nikon Instruments, Melville, NY) with a
0.5X objective, a dual beam splitter, a fiber-optic light
source (Schott KL 2500 LCD, Schott, Marlborough, MA)
(Fig. 2). With different lens adapters, either two Nikon
Coolpix 3-million-pixel digital cameras (for color and high
spatial resolution), or two PCO 1600 high-performance
digital CCD cameras (The Cooke Corporation, Romulus,
MI) (for high frame rate) can be mounted on the dual beam
splitter to capture stereo images. By either camera setting,
the captured images are stored on the camera’s flash
memory cards or internal memory, and downloaded to a
computer through USB or JEEE 1394 cables.

Fig. 2. Thestereo—microscopic imaging system.

B. Image Acquisition and Imaging System Calibration

The imaging procedure is analogous to that used in our
biplane angiographic studies of human coronary arteries

[17]. Casts are put in the orientation such that the arch part
is approximately perpendicular to the epiploar lines in the
view of the microscope (Fig. 5d). This way will benefit the
accuracy of the 3-D reconstruction. To facilitate the
processing, the light is adjusted properly so that there is high
contrast between the cast and the background in the image
(Fig. 5a). After capturing the vascular cast images, a
calibration device (Fig. 3), which contains fifteen drilled
round markers in known relation to one another, is imaged
in approximately the location of the cast without disturbing
the microscope.

From the theory of computer vision, a projection of a
given 3-D point onto a 2-D plane can be represented by the
transformation:

u
[ J =T(x,y,z) =
y

where (x, y, z) is the coordinate of the point in 3-D space,
and (u, v) is its 2-D coordinate in the projection plane. The
coefficient vector ¢=(c;;, ¢;2,-.. ,C34)' is solved by the
normalized Direct Linear Transformation (DLT) algorithm
when more than six non-coplanar markers of the calibration
cube are located in the projected image, given a usual
constraint ||c|[=1 to avoid the solution ¢=0, which is of no
interest [18]. For the stereo views, there are two projection
transformations, T; and Ty, which have the same format as
(1). In our application, the accurate 3-D positions of the
markers relative to a bottom corner of the calibration device
were measured by a 3-D coordinate measuring machine. The
2-D positions of these markers in an image are located by
detecting circles using Hough transform techniques (Fig. 4)
[19].

e xXx+epyteztoy

Cy X+ CpY + iz + 63y (1)
C21x + C22y + C2BZ + C24

Cy X+ CY +Cpz+Cyy

Fig. 4. The round markers detected in the two stereo images of the
calibration device.
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C. 3-D Axis Reconstruction

The 3-D reconstruction algorithm for a cast axis is a
modification of our method to reconstruct 3-D coronary
arteries from biplane angiograms [17]. The main change is
the image features used to locate the vessel axis due to the
different imaging modality used here.

Since we cannot assume that the vessel axis lies along the
intensity valleys in an image, which is reasonable for X-ray
angiograms, we use the object medialness information here
to locate the cast axis under lighting microscope. There are
several ways to extract medialness features in an image. We
adopted the one proposed by Lopez et al [20]. This method
can greatly enhance the centerlines of objects in an image
using a divergence filter (Fig. 5b).

d
Fig. 5. (a) Two stereo images of an aortic cast. (b) The extract(eg
medialness. (c) Initial plan of the cast axis. (d) Finally located axis
projected on the two original images, with the epipolar lines for first point.
With two stereo cast images, several points along the axis
of the cast are roughly marked in one image at first. Then,
using the two calibration matrices obtained through the
calibration device, these points are paired with the
corresponding points in the other image by epipolar lines.
Each point pair represents the projections of the same 3-D
"source" point. The 3-D locations of these source points are
reconstructed, and they are initially connected by straight
lines as an initial estimate of the 3-D cast axis (Fig. 5c).

Finally, this initial 3-D curve is refined to the real axis
location by minimizing an energy function, which consists
of two forces that arise from the object medialness in the
two images (Fig. 5d). The 3-D curve is affected by the two
forces through the two calibration matrices.

D. Geometry-based Definition of the Aortic Arch Segment

In the anatomy, a mouse aorta has three segments:
ascending aorta, aortic arch, and descending aorta. There is
no exact definition which part is the arch area. In the
cardiovascular disease study, the aortic arch normally refers
to an extended segment, which consists of the most part of
the ascending aorta, the aortic arch, and a proximal part of
the descending aorta. It is noticed that the major part of the
descending aorta is approximately in line-shape. Therefore,
to extract the aortic arch segment, we execute the following
three steps:

1. Separate the straight part of the descending aorta from
the 3-D cast axis. This is achieved by searching for the
separation point farthest along the axis from the curve’s
descending end, which still keeps this portion of the
axis well fitted by a line. In other words, the line fitting
error is smaller than a threshold;

2.Fit the rest (curved part) of the 3-D cast axis with a
plane. This plane is designated as the x-y plane of a new
coordinate system. The z-axis of the new coordinate
system is perpendicular to this plane. The coordinates’
origin is the separation point obtained in step 1
projected to the x-y plane along the z direction. The y-
axis is the projection of the line fitted to the straight part
of the descending aorta. With the y-axis, the x-axis is
easily generated;

3.Transform the 3-D axis curve to the new coordinate
system. The aortic arch is defined as the portion of the
cast axis above the x-z plane.

E. Geometric Features

We have studied two local features and a global feature of
the mouse aortic arches. The two local features, which are
calculated for each point on the curve, are curvature and

torsion:
2

_ (vavv_yuZV)Z+(vau_znxl)2+(xvyvv_xvvyV)2 ! (2)

K
(x|2 +yv2 +Z|2 )3
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xlll " lel
= Y (3)

- V'z"=y"z') + (2 x"=z"x" )+ (X y—x" ')

Since all of the casts can be rotated to the same
orientation by the above coordinate transformation, we can
also compare aortic arch shape globally. We studied the
symmetry of the aortic arch using the concept of skewness
in statistics:

_ 3
Skewness = M “4)
o
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IV.

Fig. 6 shows the top, front and side views of two 3-D
reconstructed casts, a C57BL6 and a SVEV. The casts are
transformed to the standard orientation described above. The
curvatures and torsions of the axes of these two aortic arches
are presented in Fig. 7. From the results we can see that
while there is only one major curvature peak along the
C57BL6 cast axis, two major curvature peaks appear along
the SVEV cast axis. Furthermore, both the curvature and
torsion of the SVEV’s aortic arch are more symmetrical.
This is verified by calculating the skewnesses of the two
aortic arch segments in their best fitted projection planes,
which are 0.20 and -0.03 for the C57BL6 and the SVEV
respectively.
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Fig. 6. Top, front, and side views of two aortic arch casts: a C57BL6 (top
row) and a SVEV (bottom row). The dots indicate the separation point of

the arch segment and the remaining descending aorta.
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Fig. 7. Curvature and torsion along the axes of the two mouse aortic arches
shown in Fig. 6: C57BL6 (left) and SVEV (right). The solid lines are the
curvatures, and the dotted lines are the torsions.

V. CONCLUSION

In this paper, we have proposed a method to study
geometric features of mouse aortic arches based on
reconstruction of casts using lighting stereo-microscopic
imaging. The 3-D vessel axes are transformed to a standard
orientation, based on which a geometry-based definition of
the aortic arch segment is proposed for the convenience of
the comparison study. Some geometric features are
compared between the aortic arches of a C57BL6 and a
SVEV mouse. The SVEV mouse demonstrates a more
symmetrical shape than the C57BL6. More cases are under
processing to verify this difference. Further research will
include calculation of hemodynamics using the 3-D
geometry of the aortic arches, and relate the geometry and
hemodynamics to the disease.
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