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ABSTRACT: In this paper, we describe a prototype
system that. reconstructs three-dimensional (3D) blood vessels
image from cone-beam projection images and analyzes the 3D
reconstructed image. Several 3D reconstruction methods utilize
biplane or stereo angiographic system and assume the cross
section shapes of blood vessels (e.g. ellipse). However, the
information provided by a few projections is insufficient for
reconstructing a precise 3D image of blood vessels. Furthermore,
the assumption of cross sectional shapes is not usually valid for
abnormal blood vessels. In the present method using an X-ray
rotational angiographic system, digital angiograms are collected
in a short period time and a 3D image of blood vessels is
approximately reconstructed using a short scan cone-beam
reconstruction algorithm. The analysis method is based on the
structure description of 3D blood vessels image. The procedure
approximates the centerline of 3D blood vessels image using a 3D
thinning algorithm and extracts the geometrical features of the 3D
line pattern. Final graph data-structure is realized by the list
representation with attributions representing geometrical features
like edge points, branchings, and loops. From results of the
application to patient’s cerebral blood vessels, we present the
~.ffectiveness of the system.

[. INTRODUCTION

Surgical planning or interventional radiology procedures
)f vascular disease require three-dimensional (3D) blood vessels
nformation such as precise 3D lesions structure and
tuantification or 3D blood vessels path. X-ray angiogran~ has
:ertainly aided doctors in inspection of blood vessels because of
heir high spatial resolution, but two-dimensional (2D) projection
mages have limitation for providing 3D qualitative and
tuantitative information of abnormal blood vessels. For that it is
lesirable to develop the following two major parts:
i1) 3D reconstruction of blood vessels images, and
2) analysis of 3D reconstructed blood vessels images.

Many researchers have developed methods to reconstruct
ID image of blood vessels from X-ray angiograms. In several
nethods, biplane and stereo angiographic system were utilized
md it was assumed that cross sectional shapes of blood vessels are
:lliptic[ 1]-[3]. However, the information provided by only a few
~rojections is insufficient for reconstructing precise 3D image of
dood vessels. Furthermore, the assumption of cross sectional
hapes is not usually valid for abnormal blood vessels. Recently a
ew studies have applied cone-beam algorithms[4]-[8] to the 2D
~rojection images of blood vessel phantoms or patient’s blood
’essels collected from many views[9]-[14]. The main advantage
,f these cone-beam algorithms is the direct reconstruction of 3D
mage from 2D projection images without the assumption of cross
ectional shapes of blood vessels. Therefore, it can be useful for
aspection of abnormal blood vessels which have complicated
trucmre.

We have developed a prototype system that provides
.recise anatomical information of patient’s blood vessels using an

X-ray rotational angiographic system[ll]-[15]. 3D
reconstruction of blood vessels images are reconstructed from
two-dimensional (21)) projection images by the short scan cone-
beam reconstruction algorithm [8],[13]. The analysis of the 3D
reconstructed blood vessels image includes the following
functions: (l)visualization of exterior structure and interior
morphology of blood vessels, (2) extraction of the orientation 
blood vessels, (3)me~urement of the cross sectional area, (4)
measurement of the distance between two points: along a 3D
blood vessel path, and (5) evaluation of the volume of a vascular
disease like aneurysm. The effectiveness of the prototype system
is described with experimental results obtained by applying to
patient’s cerebral blood vessels. Section H presents the X-ray
rotational angiographic system and the 3D image reconstruction
procedures. In Section m, the software tools to realize analysis
of the 3D reconstructed image are described. In Section IV, the
experimental results of the system application to patient’s
cerebral blood vessels are shown. A summary and conclusion
are given in Section V.

H. 3D IMAGE RECONSTRUCTION

We used the X-ray rotational angiographic system
developed by Kumazaki et al.[15] to collect cone-beam
projection images of blood vessels. This measurement system
uses a cone.beam X-ray source and an Image Intensifier ([I), and
is able to measure 66 digital angiograms (512x512 image) over
200 " within about 2 seconds. As preprocessing for the 3D
reconstruction, correction of image distortion generated by II
[16] and estimation of the measurement geometry of the X-ray
rotational angiographic system[17] are performed, because a3D
image reconstruction method needs the accurate relationship
between the coordinates in the 3D image and its corresponding
coordinates in the projection plane.

Various cone-beam reconstruction algorithms have been
proposed for medical application [4]-[10]. In practical
applications, the cone-beam reconstruction algorithm developed
by Feldkamp [5] obtained an efficient 3D reconstruction from
insufficient data. For sufficient data, the vertex of cone-beam
must be included on every plane that intersects the region of
interest [6]. However, the X-ray rotational angiographic system
scans so that the X-ray source is moved in a circular planar orbit,
thus the projection system does not meet the condition. Our
application has the additional restriction of not collecting
angiograms over a full 360° , because of the short period of
injecting contrast medium. We used the short scan cone-beam
reconstruction algorithm for a circular orbit[8],[13] which is
extended the short scan fan-beam reconstruction algorithm[ 18]
to a cone-beam reconstruction algorithm using the technique
presented by Feldkamp[5].

III. ANALYSIS OF 3D RECONSTRUCTED BLOOD
VESSELS IMAGES
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In order to analyze the anatomical information such as
the orientation of blood vessels and cross sectional area, we
transformed the 3D reconstructed image of blood vessels into a
graph deseription[14]. The symbolic description of 3D structure
of blood vessels have been developed by G.Gerig et al[24]. They
employed the 3D thinning algorithm improved the 3D binary
thinning method proposed by Tsao and Fu[21] and a 3D
extension of the 2D 11 -graph concept. We developed the 3D
thinning algorithm based on the necessary and sufficient
condition of l-voxel deletable in a 3D binary image proposed by
Toriwaki et al [22] and a 3D extension of the distance
transformation of a line pattern[25]. The procedure for the graph
description can be divided into four steps : segmentation, 3D
thinning operation, distance transformation operation of a 3D line
pattern, and description of the centerline of blood vessels as a
graph.

Step I (Segmentation) : As the region of blood vessels 
a 3D reconstructed blood vessel image tends to have higher
contrast than other region, we used the threshold procedure and
3D object connectivity to extract the region of blood vessels from
the 3D reconstructed image. Hereafter, we consider a 3D blood
vessels image to be a 3D binary image in which voxel’s values of
the region of blood vessels and background region are 1 and 0,
and are noted O-voxel and l-voxel respectively.

Step 2 (3D thinning operation) : A centerline of the 
blood vessel image is approximately extracted by thinning the 3D
blood vessel image until a centerline of one voxel thickness with
preservation of the geometrical structure remains. This 3D
thinning operation must satisfies the following requirements: (i)
preserving connectivity of an original image, (ii) approximating
the centerline of original 3D image, and (ill) consisting of the
maximal lines which are one point width. A 3D thinning
algorithm based on the constancy of the Euler’s number [19] or a
straightforward extension of 2D thinning algorithms[20] does not
necessarily meet the requirement of preserving connectivity[21]-
[24]. Several technics have been proposed to satisfy the above
requirements[2 I]-[24]. Toriwaki et al provided the necessary and
sufficient condition of l-voxel deletable in a 3D binary image
using a 3D extension of the connectivity number in a 2D image
and the connectivity index[22]. According to the necessary and
sufficient condition, the check of l-voxel deletalbe is performed
by using its 3x3x3 neighborhoods. Here, using the necessary and
sufficient condition of l-voxel deletable in a 3D binary image and
the six sub-cycles idea [22],a parallel 3D thinning operation using
26-neighborhoods was examined for a 3D binary image.
Especially, the parallel 3D thinning operation is modified to
remove the cause of elimination or separation of objects which
usually occur with the parallel operation[22].

Step 3 ( distance transformation operation of a 3D line
pattern) : We developed a 3D extension of the distance
~ansformation of a 2D line pattern[25] to obtain the information
of shape features of the centerlJne of blood vessels image. The
distance transformation operation of a 3D line pattern change a
value at each voxel in the 3D line pattern into the distance
measured along the 3D line pattern from that voxel to the furthest
end point. The value at the voxel in the 3D line pattern obtained
allowed us to distinguish the feature points such as a edge point, a
branching point, or a point on a loop.

Step4 (Graph description ) : To describe the centerline 
the 3D blood vessels image as a graph, the centerlines are
disassembled into line segments between the feature points. Then

the centedine are expressed as an undirected graph with vertexes
and edges which are obtained by using feature points and partial
centerlines segmented by vertexes respectively. The graph is
represented by the list representation with attributions
represeoting geometrical features like edge points, branchings,
and loops.

IV. MEASUREMENT FUNCTION

The measurement functions for analysis of anatomical
blood vessels information are constructed based on the graph
description of centerline of the 3D blood vessels image and are
described as follows.
(a) Extraction of the orientation of blood vessels: To estimate
the cross section of blood vessels in planes perpendicular to the
local 3D orientation of blood vessels, this function approximates
the local 3D orientation of blood vessels by calculating local
direction of the 3D centerline of blood vessels image.
(b) Measurement of the cross-sectional area : Before making
treatment planning for lesions like stenoses, quantitative
information such as vessels size or percent stenosis are required.
This function yields the cross-sectional area of blood vessels in
planes perpendicular to the local 3D orientation of blood vessels
obtained by the extraction of the orientation of blood vessels and
provides cross sectional shapes along 3D centerlines of 3D blood
vessels.
(c) Measurement of the distance between two points along a 
blood vessel path : In interventional radiology procedures, it is
important to decide the adequate blood vessel path for guiding a
catheter without damaging blood vessels. This function provides
the shortest path between selected points on 3D blood vessels
image and the distance between them is calculated using an
algorithm calculating the shortest path problem. The trajectory of
a guide line for the catheter is imposed on the 3D displayed blood
vessels image.
(d) Evaluation of the volume of a vascular decease: In surgical
operation or interventional radiology procedures for aneurysms,
instrument like a clip or a balloon is used, then accurate position
of the neck of an aneurysm or its volume is an important
information. This function allows doctors to detect a vascular
decease like an aneurysm in 3D blood vessels image interactively
and calculate the volume of the aneurysm.

V. EXPERIMENTAL RESULTS
We applied the proposed method to the patient’s cerebral

blood vessels with an aneurysm. Fig. 1 shows the part of 66
projection images of patient’s cerebral blood vessels which were
collected by the X-ray rotational angiographic system. Projection
images are composed of a 512x512 pixel matrix and the pixel
pitch is 0.45 nun. These projection images were approximately
reconstructed into 320x320x320 voxels ( voxel size 0.5x0.SxO.5
mm3) by the short scan cone-beam reconstruction algorithm. Fig.
2 shows the cross section images of the 3D reconstracted blood
vessels image.

It is possible to observe the interior of blood vessels along
the blood vessel path using the centerline of the 3D blood vessels
image as a guideline for the trajectory of a viewpoint. Fig. 3
shows the 3D visualization of 3D blood vessels image by volume
rendering method[26],[27].The left image shows exterior
structure of blood vessels in front of view and the right ones show
composite images of exterior structure and interior morphology
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respectively of blood vcssels lying to the viewpoints in the
positions denoted by arrows. The rela6onship of the aneurysm to
the surrounding structure and to the root of its origin from the
vessels was observed.

Fig. 4 shows an example of selection of blood vessel path

for the measurement distance between two points along 3D
blood vessels path. After displaying 3D blood vessels image
from three different views, a user interactively inputs two points
on the 3D displayed blood vessels images by crossh~dr cursor.
The two selected points in the screen coordinate system are
mapped into the points in 3D space coordinate system of the 3D

¯ blood vessels image, The nearest points from the obtained points
are detected on the centerline of 3D blood vessels image. The
detected points on the centerline are considered as vertexes and
the graph of the centerline is changed and the new list
representation of the graph is produced. Using the new list
representation, the shortest path linked the two selected points
by the user is calculated and the shortest path is imposed to the
3D displayed blood vessels images as the trajectory of a guide
line for catheter.

Fig.5 shows an example of an evaluation of the vascular
decease in the 3D reconstructed blood vessels image of a patient.

Fig. 1 Projection images of cerebral blood vessels collected by

the X-ray rotational angiogrsphic system.

Fig. 2 Cross secdon images of the 3D reconstructed blood

vessels image.

Fig. 4 An example of the selection of a blood vessel path.

After displaying 3D blood vessels image from three differe~nt

views, a user interactively inputs two points on the 3D displayed

blood vessels images by crosshair cursor. The shortest path be.

tween two points is automatically imposed to the 3D displayed

blood vessels images as the trajectory of the guide line for cathe-

ter.

Fig. 3 3D display of the 3D reconstructed blood vessels image.

The left image shows exterior structure of blood vessels in front

of view and the right ones show composite images of exterior

structure and interior morphology respectively of blood vessels

lying to the viewpoints in the positions denoted by arrows.

Fig. 5 An example of the volume measurement of a vascular

decease. Manipulating the 3D blood vessels image, a user can

interactively detect the region of interesting. The region of

aneurysm and the catheter guide line are colored red on the 3D

displays.
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The region of the aneurysm and the catheter guide line are
colored red on the 3D displays. Manipulating the 3D blood
vessels image, a user can interactively detect the region of
interesting (ROI). The volume of the ROI (ie. aneurysm) 
approximately obtained from the number of voxel contained in
the detected region. Using the 3D display like Fig.5 it will be
easily to grasp anatomical relationship between the abnormal
region and others.

V. CONCLUSION
We have presented a method to reconstruct precise 3D

blood vessels images using the X-ray rotational angiographio
system and realize 3D visualization and 3D quantitative analysis.
The short scan cone-beam reconstruction algorithm enabled us to
reconstruct 3D blood vessel images approximately from
insufficient sampling of cone-beam projections. The analyses of
anatomical blood vessels information were constructed based on
the graph description of 3D blood vessels image using the 3D
thinning algorithm and the distance transformation of a 3D line
pattern. The results of the experiments showed the feasibility of
the prototype system for providing 3D quantitative analysis such
as accurate 3D localization of the neck of an aneurysm or
measurement of vessels size at a stenosis lesion, which could be
an effectivity tool for interventional radiology, surgical planning,
or quantitative diagnosis.
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