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Abstract

Our earlier study developed a computerized method, based on fuzzy connected object delineation principles and algorithms, for artery and
vein separation in contrast enhanced Magnetic Resonance Angiography (CE-MRA) images. This paper reports its current development—a
software package—for routine clinical use. The software package, termed 3DVIEWNIX-AVS, consists of the following major operational
parts: (1) converting data from DICOM3 to 3ADVIEWNIX format, (2) previewing slices and creating VOI and MIP Shell, (3) segmenting
vessel, (4) separating artery and vein, (5) shell rendering vascular structures and creating animations.

This package has been applied to EPIX Medical Inc’s CE-MRA data (AngioMark MS-325). One hundred and thirty-five original CE-MRA
data sets (of 52 patients) from 6 hospitals have been processed. In all case studies, unified parameter settings produce correct artery—vein
separation. The current package is running on a Pentium PC under Linux and the total computation time per study is about 3 min.

The strengths of this software package are (1) minimal user interaction, (2) minimal anatomic knowledge requirements on human vascular
system, (3) clinically required speed, (4) free entry to any operational stages, (5) reproducible, reliable, high quality of results, and (6) cost
effective computer implementation. To date, it seems to be the only software package (using an image processing approach) available for

artery and vein separation of the human vascular system for routine use in a clinical setting.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
1.1. Contrast enhanced MRA

Magnetic Resonance Angiography (MRA) has estab-
lished itself as an important technique complementary to
conventional angiography [1-3]. It facilitates high quality
depiction of the cerebral vasculature and has become an
accepted clinical procedure. However, its effectiveness for
abdominal and peripheral imaging is limited due to some
intrinsic limitations of the technique itself. The complicated
flow patterns and in-plane flow may result in signal voids
which can lead to an overestimate of stenosis [4].

Extracellular contrast agents (e.g. Gd-DTPA) [5-7] have
considerably increased the clinical applicability
of conventional MRA. Because shortened T1 of blood
provides contrast (rather than the flow dynamics), contrast
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enhanced MRA (CE-MRA) is less sensitive to flow
conditions. Also, high contrast can be obtained in shorter
examination times, enabling breath hold sequences which
reduce motion artifacts. The shortcoming of such contrast
agents is their rapid diffusion into extracellular space, which
limits the imaging window to a few minutes since the
background signal increases as well.

Intravascular contrast agents (e.g. AngioMark MS-325 or
NS 100150) [8,9] also exhibit strong T1 shortening
properties in blood. In comparison to extracellular agents,
intravascular agents offer a much longer blood residence
time, higher concentration within the blood pool, and a
reduction of extravasation into myocardium. This primary
advantage allows acquisition of steady-state images of the
arteries and veins over multiple body regions with excellent
spatial resolution. The drawback of this contrast agent,
however, is the venous contamination of arterial images,
which can significantly hamper diagnosis of the main
arterial branches [10,11].
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Thus, the development of artery—vein separation tech-
niques directly from the steady-state CE-MRA images can
potentially overcome this problem, and has, therefore,
considerable significance clinically.

1.2. Approaches to artery—vein separation

The strategies adopted in the past for artery—vein
separation include both acquisition methods and post-
processing techniques [12]. Among the current develop-
ments, the former include phase-contrast and time-resolved
acquisition approaches [13—15], and the latter cover
correlation analysis and graph searching methods
[16—18]. The shortcomings of these approaches, in general,
are the limitations of their applications and costs. Among
data acquisition approaches, phase-contrast methods [13]
are limited to the case where the blood flow directions in
artery and vein are opposite to each other. In time-resolved
acquisition approaches [14,15], the image must be acquired
during the first pass of a contrast agent or accomplished by
cardiac gating. The development of image processing
approaches to artery—vein separation has recently begun
[16—22]. Among these, correlation analysis [16] requires
seven or eight MRA data sets in a single breathhold for a 3D
angiogram of the lung. In graph searching approaches [17],
the node costs require 3D edge strength and a model of
preferred branch direction. The enhanced artery visualiza-
tion method [18] is limited to the segmentation of a small
number of the main overlapping veins in the peripheral
vasculature. Therefore, a more general approach for artery—
vein separation is desirable.

1.3. Software package implementation of artery—vein
separation

Our earlier study [19-22] developed a near automatic
procedure for separating arteries and veins in CE-MRA
image data and an optimal method for 3D visualization of
vascular structures. The separation process utilizes fuzzy
connected object delineation principles and algorithms. The
first step of this separation process is the segmentation of the
entire vessel structure from the background and other clutter
via absolute fuzzy connectedness. The second step is to
separate artery from vein within this entire vessel structure
via iterative relative fuzzy connectedness. Then shell
rendering is applied to the vessel structures obtained in
the above two steps for visualization.

The above segmentation, separation, as well as rendition
procedures are implemented by a newly developed software
package, termed 3DVIEWNIX-AVS and based on the
general software system 3DVIEWNIX' [23], for routine
clinical use. This software package consists of the following

' An open, transportable, multidimensional, multimodality,
multiparametric imaging software system that is not specific to any
particular application.

major operational parts: (1) converting data from DICOM3
to 3ADVIEWNIX format, (2) previewing slices and creating
VOI and MIP Shell® (3) segmenting vessel, (4) separating
artery and vein, (5) shell rendering vascular structures and
creating animations. It has been applied to EPIX Medical
Inc’s CE-MRA data (AngioMark MS-325). One hundred
and thirty-five original CE-MRA data sets (of 52 patients)
from 6 hospitals have been processed. In all case studies,
unified parameter settings produce correct artery—vein
separation. The current package runs on a Pentium PC
under Linux and the total operation time per study is about
3 min.

This paper is organized as follows. Section 2 briefly
reviews the theory of artery—vein separation developed in
our earlier study. Section 3 describes the implementation
methods in detail. The software package, 3DVIEWNIX-
AVS, is presented in Section 4. The results obtained by
using this package are shown in Section 5. Conclusions are
given in Section 6. A preliminary version of this paper [21]
was presented at the SPIE Medical Imaging conference.

2. Theory

For the convenience and completeness of description,
this section briefly reviews the theory of artery—vein
separation—the fuzzy connected object delineation prin-
ciples and algorithms—developed in our earlier study. It is
the basis of the implementation methods (Section 3) and the
software package (Section 4). In this section, after
describing several fuzzy concepts, absolute fuzzy connect-
edness is introduced for vessel segmentation and iterative
relative fuzzy connectedness is described for artery—vein
separation. More details of the theory can be found in our
earlier reports [19-22,24-27].

2.1. Fuzzy adjacency and fuzzy affinity

We refer to a three-dimensional digital image as a scene
and represent it by a pair 4 = (C,f), where C = {c| — b;
= ¢; = bj for some b = (b, b,,b3) € Zi} is a rectangular
three-dimensional array of voxels ¢ = (¢, ¢3, ¢3) (ZfL is a set
of three-tuples of positive integers), and f is a function,
called scene intensity, with C as its domain and with a set of
integers as its range.

Fuzzy adjacency (a, w,). Independent of any image
data, we think of the digital space defined by the voxels as
having a fuzzy adjacency relation. We denote the fuzzy
adjacency relation by a and the degree of adjacency
assigned to a pair (c,d) of voxels by wu,(c,d). The fuzzy
adjacency relation assigns to every pair (c,d) of voxels
a value between zero and one. The closer ¢ and d are to each

2 VOI: volume of interest, MIP: maximum intensity projection, Shell: a
data structure used by 3DVIEWNIX to represent fuzzy objects.
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other, the greater is this number. In our studies, we use

I, lle—dl=1,
Kalc,d) ={ (D

0, otherwise.

where llc — dll denotes the distance between ¢ and d.

Fuzzy affinity (k, ). For a given scene 4 = (C,f), we
define another local fuzzy relation called affinity, denoted «,
on voxels. The strength u,(c, d) of this relation between any
voxels ¢ and d lies between zero and one and indicates how
the image elements ‘hang together’ locally in the scene.
m,(c,d) is a function of u,(c,d) and of f(x) and f(y) for all
voxels x and y in a certain neighborhood of ¢ and d,
respectively. In our studies, we use

l"LK(cv d) = I"La(cv d)v I"th (C5 d),"(‘l//s (C, d)7 (2)

where w, and p, are object-feature-based and homogen-
eity-based components of affinity, respectively.

The design of w4 and u, adopts the following
strategies: (1) If both ¢ and d have high object
belongingness and both have low background belonging-
ness, then they have a high object-feature-based affinity
(the only feature used here is the intensity of voxels). (2)
If the intensities of the corresponding voxels within the
neighborhoods of ¢ and d are close (i.e. both ¢ and d are
inside a homogeneous object region), then they have a
high homogeneity-based affinity. More details about the
functional forms of u, and w, are given in our earlier
papers [19-22,24-27]. Since the size of this neighbor-
hood changes over the scene domain, w,(c,d) is shift-
variant over the scene.

Scale. Scale in ¥ at any voxel ¢ € C is defined as the
radius r(c) of the largest ball centered at ¢ which lies
entirely inside the same homogeneous region. For
computing affinity, the neighborhood defined by the
scale value at different locations in the scene is utilized.
Ref. [25] describes an algorithm which estimates r(c) for
any % based on the continuity of intensity homogeneity.
This information (scale) leads to better fuzzy connected-
ness and object delineation (which are described below)
than if just the voxels ¢ and d (and their properties) are
used in defining w,(c,d).

2.2. Absolute fuzzy connectedness

Fuzzy connectedness (K, ug). ‘Hanging togetherness’
in a global sense is a global fuzzy relation on voxels
called fuzzy connectedness, denoted K. The strength
mk(c,d) of this relation between any voxels ¢ € C and
d € C is determined as follows. There are numerous
possible ‘paths’ within the scene domain C between c
and d. A path p. between ¢ and d is a sequence
(c', ¢, ...,c") of m = 2 voxels, all in C, such that ¢! = ¢,
™ =d. The ‘strength of connectedness’ of path p.; is
simply the smallest pairwise fuzzy affinity along this
path. The strength of connectedness ug(c,d) of the given

pair (c,d) of voxels in C is simply the largest of the
strength of connectedness of all possible paths in &
between ¢ and d.

Fuzzy connected object (). Such an object O in 4 of
strength 6, = [x, 1] (0 = x = 1), and containing a voxel o,
consists of a pool O C C of voxels together with a value
indicating ‘objectness’ assigned to every voxel. O is such
that 0 € O, and for any voxel ¢ € O and d € O, the
strength of connectedness between them g (c,d) = x, and
for any voxels ¢ € O and e & O, the strength ug(c,e) < x.
There are several choices as to how to assign objectness to
voxels in O as described in [21,22,24,25].

Practical algorithms based on dynamic programming
have been developed for extracting fuzzy connected objects
in two-, three- and higher-dimensional scenes. Our artery—
vein separation [19-22] uses such an algorithm called
kFOE and its scale-based version published in Refs. [24,
25]. For a given scene €, an affinity x and a voxel o in C,
this algorithm outputs a scene called connectivity scene
€k, = (C,fx,), wherein for any voxel c€&C,

Jk,(€) = pk(o,c).
2.3. Relative fuzzy connectedness

Instead of defining an object on its own based on the
strength of connectedness (as in absolute fuzzy connect-
edness), all other objects (co-objects) of importance that
are present in the scene are also considered and all
objects are let to compete among themselves in having
voxels as their members in relative fuzzy connectedness.
In this competition, every pair of voxels in the scene will
have a strength of connectedness in each object. The
object in which this strength is highest will claim
membership of the voxels. This approach of fuzzy object
definition using relative strength of connectedness
eliminates the need for a threshold of strength of
connectedness 6, that is part of the previous definition
described above. It is more natural since it relies on the
fact that an object gets defined in a scene by the
presence of other objects that coexist in the scene. All
specified objects are defined simultaneously in this
approach.

Relative fuzzy connectedness (ug(a,c), pux(v,c)). For
simplicity, a scene which consists of one object and a
background is considered here, although this can be
generalized to multiple objects. In our application, the
arteries constitute the object and the veins the back-
ground. For any voxels a in the object region (artery)
and v in the background (vein), we define

P, = {clc € C and pg(a,c) > ug(v,c)}. 3)

Relative fuzzy connected object (). Such an object in
% containing a voxel a relative to a background
containing a voxel v is a fuzzy subset of C defined
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by the membership function

n({f (),
mo(c) = {

0, otherwise.

ceP

av,

“4)

where m is an ‘objectness’ function with [0,1] as its
range as described in Refs. [21,22,2425]. If we are
seeking a binary result of segmentation, then P,
represents such a result.

Iterative relative fuzzy connectedness (ug(a,c),
Mo, (v, ¢)). An extension of relative fuzzy connectedness
to an iterative framework is described here, which was
specifically developed for artery—vein separation. In the
following, i denotes the iteration number. For any fuzzy
affinity k and for any voxels ¢,d € C, we define

o (e, d) = plc,d), (5)
Py, = {clc € Cand ug(a,c) > pgo (v, 0)}. (6)

For any integer i(1,2, ..., ), define

1, if c=d,

e (c,d) =10, if cord € P!, (7)
m(c,d), otherwise.

P, = {clc € Cand pg(a,c) > pg: (v,0)}. (8)

PSVK is the same as P,, and can be delineated using relative
fuzzy connectedness first. Once it is identified, it will be
excluded from consideration in the subsequent iterations for
any path from v to ¢ to pass through. In this way we can
substantially weaken the strongest path from v to ¢ compared
to the strongest path from a to ¢ which is still allowed to pass
through PSVK. This leads us to an iterative strategy to grow
from a (and so complementarily from v) to more accurately
capture the object (and the background) than if a single-shot
relative fuzzy connectedness strategy is used.

Iterative relative fuzzy connected object (C“ZVK). Such an
object in ¥ containing a voxel a relative to a background
containing a voxel v is a fuzzy subset of C defined by the
membership function

(), c€ P,
Mei, ()=

0, otherwise.

)

An algorithm called kIRFOE for extracting a relative
fuzzy connected object (0 of & containing a voxel a relative
to a background containing a voxel v has been developed
[27]. This algorithm works in an iterative fashion and
terminates in a finite number of iterations when there is no
change in membership between artery and vein.

3. Methods

This section describes a complete procedure for imple-
menting artery—vein separation by utilizing the principles

and algorithms shown in Section 2. This procedure consists
of the following five major steps: (1) converting data from
DICOM3 to 3ADVIEWNIX format, (2) previewing slices and
creating VOI and MIP Shell, (3) segmenting vessel,
(4) separating artery and vein, and (5) shell rendering
vascular structures and creating animations. These steps are
described in more detail below.

3.1. Converting data from DICOM3 to 3DVIEWNIX format

There are many vendors of imaging devices and there are
also many modalities. Vendors follow their own formats of
scene data representation. Proprietary restrictions on these
formats pose special difficulties for using software packages
such as 3DVIEWNIX-AVS. These difficulties, combined
with the fact that different computing platforms may have
different byte ordering for the different types of data entities,
make scene data access really a vexing problem [23]. We
adopt the standard DICOM3 (suggested by ACR-NEMA) as
the only solution to this problem, and developed a
DICOM3-3DVIEWNIX conversion program to allow
bringing scene data into this software package. This
program converts multiple 2D scenes in DICOM3 format
into a single 3D scene in 3DVIEWNIX format, which is
actually a generalization of DICOM3 to multi-dimensions
and to other non-image structure data.

3.2. Previewing slices and creating VOI and MIP Shell

Previewing slices of CE-MRA scene provides ways to
get an insight on the vascular structures which will facilitate
determining the VOI, and to find outliers and exclude them
from the VOI. For most CE-MRA scenes, vessels occupy
only a part of the field of view. Thus, creating a proper VOI
will remove unwanted background regions, greatly reduce
the size of scene data, and therefore shorten the processing
time.

In spite of its many drawbacks—presence of clutter in
display due to other overlapping structures and noise, and
lack of information about structural juxtaposition and
constitution—MIP is the only form of volume rendering
that does not require image segmentation. As the beginning
step of artery—vein separation, therefore we use MIP
rendering of the given CE-MRA scene without any
modification to generate a 3D display as a guidance for
the subsequent steps.

A MIP rendition is created by assigning to every pixel
in the rendition a value which represents the maximum
of the intensities of all voxels which project onto p. To
speed up rendering, we project only those voxels whose
intensities are above a low threshold value. In our
software, this low threshold is fixed at a value
corresponding to the 97 percentile of CE-MRA (VOI)
scene. It is unified to all CE-MRA image data in our
artery—vein separation studies. The left in Fig. 1 shows
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Fig. 1. Specifying seed voxels for segmenting the entire vessel structure and
separating artery and vein structures. In the left a Shell rendition of the
entire vessel scene is shown. An axial plane is interactively selected. This
plane can be positioned precisely by stepping in specified increments. The
computed ‘slice’ at that location is shown on the right. Pairs of seed voxels
for artery and vein are specified on these slices.

a MIP rendition. For the description below, we denote
the given CE-MRA scene by % = (C,f).

3.3. Segmenting vessel

It is tempting to be able to specify the seed voxels
directly on the MIP rendition since it is more intuitive.
However, such a specification is error prone since the voxel
appearing to be in the vessel in the rendition may be a bright
noisy voxel in %, not in any vessel proper. Therefore, in our
implementation, an operator deposits seed voxels on some
slices of € (the right-hand side of Fig. 1) which correspond
to cross-sections at planes selected interactively by operator
guided by the MIP rendition of ¥ (Fig. 1). Seed voxel
specification requires minimal anatomic knowledge of the
vascular system as seen in MIP renditions. Thus, when seed
voxels are specified, they are stored in two separate sets, one
for artery and another for vein.

In this step, algorithm kFOE of Section 2.2 is applied
to ¥ to segment the entire vessel structure. The output of
the algorithm is a connectivity scene ¥x = (C,fx ). By
thresholding this scene at a threshold #, a new scene
%, = (C,f,) is generated that contains the vessel structure
as a fuzzy object, where for any ¢ € C, f,(c) = fk (c) if
fx ()=t and f,(c) =0 otherwise. A binary scene
(6% = (C,f?) is also created by thresholding Gk, at t as
well as a gray-level scene %5 = (C.f5), where for any
c € C, ff(c) =f(c) if fx (c) =t and ff(c) = 0 otherwise.

At the very beginning of this development, we randomly
selected 10 data sets and tried to determine a fixed threshold
t for all connectivity scenes ¥g, = (C,fg,). Quickly, we
found that such a fixed threshold ¢ (optimum for all
connectivity scenes) does not exist. Instead, we found that
the threshold selected corresponding to the 97 percentile of
the connectivity scene works effectively. This value
(97 percentile) was determined experimentally based on
these 10 data sets and further verified by 133 pelvic and
2 carotid studies. It balances maximizing the completeness

of the vessel structure and minimizing the effects due to
artifacts in CE-MRA images.

3.4. Separating artery and vein

In the CE-MRA data that we have been dealing with in
this project (mostly of the vessels in the region from the
pelvis to the knee), most of the vessels run parallel to the
MR acquisition plane (coronal). This decision about
acquisition planes was made to minimize the acquisition
time and still cover a large body region, although from the
vessel separation point of view, axial planes would have
been more effective. The planes for obtaining the cross-
sections (displayed on the right-hand side in Fig. 1) are
selected interactively and the end voxels are indicated on the
cross-sectional slices. As in the step of Segmenting vessel, it
would be more intuitive to select voxels directly on the shell
renditions of vessels. Unfortunately, the voxels so indicated
are in the fuzzy boundary of the vessels and it is difficult to
guarantee that these voxels would lie inside the vessels
properly. This in turn leads to improper vessel separation.
Our initial attempts to steer these points from the fuzzy
boundary to the vessel interior proper algorithmically were
not successful (although there may be ways of achieving
this in the future). Hence we chose the method showed in
Fig. 1.

For effective artery—vein separation, we found out in our
experiments that many seed voxels are needed in both
arteries and veins. This is especially because the major
branches are situated very close to each other and often
intertwine. The method we found most effective requiring
minimum user assistance is to have the operator specify a
pair of ‘end voxels’ specifying segments of major branches
of arteries and veins, and then to have an algorithm find
a ‘central line’ running between the end voxels in each pair.
Subsequently, all voxels constituting the central line are
utilized as seed voxels (Fig. 2). As indicated in the step of
Segmenting vessel, the user has to specify seed voxels only
once instead of two times. When seed voxels are thus
specified, they are stored in two separate lists, one for
arteries and another for veins. These are then utilized for
generating the central lines.

To find the central lines, we first convert the vessel-only
binary scene %% into a gray scene %¢ by applying a 3D
distance transform [28,29] to (65 . A minimum cost path is
then generated between every pair of end voxels utilizing
%< and an algorithm akin to ‘live wire’ [30—32] based on
dynamic programming. A graph is created for this purpose
in which its nodes are the voxels with value 1 (1-voxel) in
(66, and the arcs indicate that the voxels are 6-adjacent (i.e.
they differ in exactly one of their coordinates by 1). A costis
assigned to each arc as follows. For any 1-voxel c in %2, let
N_,(c) denote the number of 1-voxels ¢’ in the 3 X3 X3
neighborhood of ¢ such that (c’) > %%(c). Analogously,
let N_(c¢) denote the number of voxels ¢’ such that
%4("y < %%(c). Then the number N(c) = N_(c) — N,(c)
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Fig. 2. Two seed voxels have been specified—one inside an artery cross-
section at the top end and another within the artery cross-section at the
bottom end. The central line generated as a minimum cost path between
these two voxels is displayed. All voxels in the central line are utilized as
seeds for vessel separation. A central line generated analogously within the
vein also is displayed.

is assigned to c. In this way, a local maximum scene is
created. Finally the cost assigned to an arc connecting two
voxels ¢ and d is 53 — N(c) — N(d). The best path will go
through those voxels (from the starting to the ending) which
have the local maximum distance value.

The scene used as input to the iterative relative fuzzy
connectedness algorithm is the vessel-only scene €. When
artery is chosen as a relative fuzzy connected object, the
vein will be considered as the background, or as a relative
fuzzy connected co-object. As there is not much intensity
difference between voxels inside arteries and those inside
veins, object feature based components of affinity is not
useful in separating arteries and veins. The same construc-
tions of scale and homogeneity as described in Section 2.1
are used. Instead of Eq. (2), the following equation is used
for affinity

,LLK(C, d) = I‘La(ca d)/"l’gl/\ (67 d) (10)

Two sets of seed voxels specified inside each of these
two objects as described above are utilized for artery—vein
separation by applying algorithm «IRFOE. This algorithm
works in an iterative fashion: the small regions of the bigger
aspects of artery and vein are separated in the initial
iterations, and further detailed aspects of artery and vein are
included in later iterations. It terminates in a finite number
of iterations when there is no change in membership
between artery and vein. In our artery—vein separation
studies, the number of iterations is fixed at 7.

Two binary scenes ¢4 and % corresponding to PZVK and
PiaK and representing relative fuzzy connected artery and
vein are output when the iterative process terminates. Using
the two binary scenes to mask the vessel-only scene @S,
artery and vein objects, G’ZVK and C“’m are generated as two

scenes €5 = (C,f) and € = (C,f}}) defined as follows.
For any c € C, if fi(c)=1, fi(c) =f5(c); otherwise
f3(c) = 0. fi(c) is determined analogously.

3.5. Shell rendering vascular structures and creating
animations

A ‘shell’ is a data structure for representing fuzzy objects
and fuzzy boundaries [33]. It typically contains just the
voxels that make a non-negligible contribution to the
volume rendition of the object. Thus shell has usually a
‘small thickness’ rather than covering the entire scene
domain, although in the extreme case, it can be made to
cover the entire scene domain. It has been shown to be much
faster than volume rendering techniques based on ray
casting, but with no noticeable loss in the quality of
rendering [33]. We do shell rendering of the entire vessel
structure directly from the scene %, obtained in the step of
Segmenting vessel.

%% and %%, in the step of Separating artery and vein are
used for shell rendering the arteries and veins, respectively.
For distinguishing arteries and veins in the display, the shell
renditions can be colored differently for the two objects in a
composite display or the objects can be turned ‘on’ and ‘off’
selectively. Shell rendering retains object heterogeneity,
and therefore, object composition can be more accurately
depicted.

4. Software package 3DVIEWNIX-AVS

Based on the theory (Section 2) and the methods (Section
3), a software package termed 3DVIEWNIX-AVS has been
developed. It integrates 32 computational and operational
routines in the five steps described in Section 3 into one
single package. Table 1 shows the data flow among these
five steps.

In Table 1, files with the extensions dcm, IMO, BIM, and
SHO represent the files containing the images in DICOM
format, scene data, binary scenes, and the structure data of
type Shell0, respectively, as defined in the publicly
available 3ADVIEWNIX software system [23]. Files with
the name scale, affinity, conn, and thrsld denote the files
containing scale data, affinity data, connectivity data, and
the scenes by thresholding. distrs.IMO and locmax.IMO are
the files containing the distance transform and local
maximum scenes. The locations of seed voxels are stored
in the file path-ends for vessel segmentation and in the files
artery-path and vein-path for artery—vein separation. The
notations in the parenthesis such as €, 4,, (6}3, %8, (gf, &,
€. &>, %+, denote symbols used for the various entities in
Sections 2 and 3. The table shows the correspondence
between these symbols and the data files.

Since this software package is fashioned after 3DVIEW-
NIX, its appearance resembles that of 3DVIEWNIX. By
selecting items from the menu bar (or from the sub-menu
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Table 1
Data flow in 3DVIEWNIX-AVS

Operation Input Intermediate Output

1 Data conversion mra.dem; (i=1,...,n) mra.IMO

2 VOI creation mra.IM0O voi.IMO (%)
MIP rendition voi.SHO

3 Vessel segmentation voi.IM0O scale.IMO vessel IMO €5
voi.SHO affinity,.IMO
path-ends affinity,.IMO

affinity..IM0O
conn.IMO (%¥,)
thrsld BIM 6"

4 Artery—vein separation thrsld. BIM distrs.IMO €¢ artery.IMO €%
path-ends locmax.IMO vein.IMO %%,
vessel. IMO artery-path

vein-path
artery.IMO %%
vein.IMO 6%

5 Shell rendition vessel. IMO vessel. SHO
artery.IM0O artery—vein.SHO
vein.IMO

bars), user can pick input files and the desired operation,
then by clicking on a save button, the results corresponding
to that operation will be generated in the output files. The
current version of this package can be run in two ways. The
first method is a two-step approach: segmenting the entire
vessel structure from CE-MRA scene and then separating
artery from vein within this vessel structure, i.e. voi.IM0 —
vessel IMO — artery.IMO/vein.IM0. The second method is a
one-step approach: separating artery from vein directly from
CE-MRA scene, i.e. voi.IMO — artery.IMO/vein.IMO.

Two manuals, a User Manual and a Reference Manual,
are available. The User Manual guides the user step by step
in the artery—vein separation process. Radiologic tech-
nicians can run this process with a quick training. The
Reference Manual shows

(a) how the package (3DVIEWNIX-AVS) works step by
step, and

(b) what files are used (in) and created (out) at each
step.

Following the Reference Manual, users can perform
more tasks beyond the default settings of this package. They
can directly execute either the partial or the entire
(modified) scripts for their specific goals.’ For instance,
users can

(a) select more start—end voxels and create additional
paths as extra seeds (which are particularly helpful for
separating higher-order branches of artery and vein),

(b) perform more iterations and check if the iterations
should be terminated for good,

3 Everytime users use this package and complete a meaningful run, a set
of scripts is generated.

(c) select files and use them under 3DVIEWNIX for
further processing by utilizing the functions available
in 3DVIEWNIX but not in 3DVIEWNIX-AVS.

5. Results

This package has been applied to EPIX Medical, Inc’s
CE-MRA data (AngioMark MS-325). One hundred and
thirty-five original CE-MRA data sets (of 52 patients) from
6 university hospitals have been processed so far. Among
them, 133 scene data pertain to the vessels in the region
from the belly to the knee (pelvis) and the other 2 scene data
to the vessels in the region of the neck (carotid). CE-MRA
data were acquired during the pre-contrast, dynamic
(arterial phase), early and late post-contrast (steady-state
phases), with various resolutions and orientations, stored in
DICOM format. In all our studies, however, only the steady-
state data were used since we found in our preliminary
experiments that they produce the best segmentations. In all
studies, in spite of the variations in the acquisition protocol,
we were able to use unified parameter settings for
segmentation and rendering without requiring per-study
adjustments. All studies were performed on a Gateway 2000
300 MHz/256 MB memory Pentium PC running under
Linux. The whole procedure, which includes vessel
segmentation, artery—vein separation, and shell rendering,

Table 2
CE-MRA image data information

Example Location Size Resolution (mm)

1 Pelvis 512X 512X 128
Carotid 512 X512 x 123

0.88 X 0.88 X 0.75
0.47 X 0.47 X 0.80
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are completed in 3 min per study including computational approach. For these examples, CE-MRA image data
and operator time. information is given in Table 2. The original CE-MRA

Two examples—a pelvis and a carotid image—are scene (one slice), its MIP rendition, a rendition
presented here to demonstrate the performance of this of the segmented vessel, the composite artery—vein

e) f)

Fig. 3. Example 1: (a) CE-MRA, (b) MIP and shell renditions of (c) vessel, (d) artery—vein, (e) artery, (f) vein.
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e) f)

Fig. 4. Example 2: (a) CE-MRA, (b) MIP and shell renditions of (c) vessel, (d) artery—vein, (e) artery, (f) vein.

rendition, and the separated artery/vein renditions are shown are correctly segmented by this package. Only a few tiny
in Figs. 3a—4a, 3b—4b, 3c—4c, 3d—4d, 3e—4e, and 3f—4f, vessels are not included. By examining the displays in
respectively. By visual examination of the displays in Figs. 3e-3f and 4e—4f, we observe that artery—vein

Figs. 3b—3c and 4b—4c, we find that the majority of vessels separation appears to be qualitatively mostly correct.



360 T. Lei et al. / Computerized Medical Imaging and Graphics 27 (2003) 351-362

6. Conclusion

CE-MRA has fundamentally changed angiography and
established itself as an important technique complementary
to conventional angiography. However, this technique
requires advanced vascular visualization as a necessary
part of its clinical protocols. Its utility can be significantly
enhanced for evaluation and treatment of diseases when
artery and vein structures are separated. Our package, by
combining the strengths of fuzzy connected object defi-
nition, object separation, and shell rendering, provides a
high-quality 3D display of vascular information in a single
CE-MRA data set that can be used routinely for clinical
vascular imaging.

The strengths of this software package are (1) minimal
user interaction, (2) minimal anatomic knowledge require-
ments on human vascular system, (3) clinically required
speed, (4) free entry to any operational stages, (5)
reproducible, reliable, high quality of results, and (6) cost
effective computer implementation. To date, it seems to be
the only software package (using an image processing
approach) available for artery and vein separation for the
routine use in a clinical setting [13-18,34,35].

Several further improvements of this software package
have been planned based on our initial experience and are
currently being incorporated. To improve the efficiency of
this package, we propose (1) a method akin to the Live Wire
process [30—32] to simplify seed point selection and path
creation, and (2) using a buffer to replace the auxiliary/
intermediate files output. Thus, both operation and compu-
tation time can be further reduced. For improving
visualization of vascular structures and/or anomalies,
rendering based on two scale-based filtering methods [36]
(scale-based averaging and scale-based diffusion) that use
local structure size information to arrest smoothing around
fine structures and across even low-gradient boundaries is
also planned.

7. Summary

CE-MRA has fundamentally changed angiography and
established itself as an important technique complementary
to conventional angiography. However, this technique
requires advanced vascular visualization as a necessary
part of its clinical protocols. Its utility can be significantly
enhanced for evaluation and treatment of diseases when
artery and vein structures are separated.

Our earlier study developed a computerized method,
based on fuzzy connected object delineation principles and
algorithms, for artery and vein separation in CE-MRA
images. This paper reports its current development—a
software package—for routine clinical use. The software
package, termed 3DVIEWNIX-AVS, consists of the
following major operational parts: (1) converting data
from DICOM3 to 3DVIEWNIX format, (2) previewing

slices and creating VOI and MIP Shell, (3) segmenting
vessel, (4) separating artery and vein, (5) shell rendering
vascular structures and creating animations.

This package has been applied to EPIX Medical Inc’s
CE-MRA data (AngioMark MS-325). One hundred and
thirty-five original CE-MRA data sets (of 52 patients) from
6 hospitals have been processed. In all case studies, unified
parameter settings produce correct artery—vein separation.
The current package is running on a Pentium PC under
Linux and the total computation time per study is about
3 min.

The strengths of this software package are (1) minimal
user interaction, (2) minimal anatomic knowledge require-
ments on human vascular system, (3) clinically required
speed, (4) free entry to any operational stages, (5)
reproducible, reliable, high quality of results, and (6) cost
effective computer implementation. To date, it seems to be
the only software package (using an image processing
approach) available for artery and vein separation of the
human vascular system for routine use in a clinical setting.

Several further improvements of this software package
have been planned based on our initial experience and are
currently being incorporated. To improve the efficiency of
this package, we propose (1) a method akin to the Live Wire
process [30—32] to simplify seed point selection and path
creation, and (2) using a buffer to replace the auxiliary/
intermediate files output. Thus, both operation and compu-
tation time can be further reduced. For improving
visualization of wvascular structures and/or anomalies,
rendering based on two scale-based filtering methods [36]
(scale-based averaging and scale-based diffusion) that use
local structure size information to arrest smoothing around
fine structures and across even low-gradient boundaries is
also planned.
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