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Magnetic resonance angiography (MRA) 1s a family of non-invasive im-
age acquisition processes providing 3D data of the flowing blood. In-
deed, the availability of precise information about brain vascular net-
works 1s fundamental for planning and performing neurosurgical proce-
dures, but also for detecting pathologies such as aneurysms and stenoses.
Many vessel segmentation methods have been proposed during the last
15 years. Recently, a new family of segmentation algorithms [1] has
been studied, involving high level anatomical knowledge. These algo-
rithms are based on the assumption that a priori knowledge concerning
the vessels and their relations to other brain structures can be used to
guide classical segmentation tools. This kind of strategy requires an ac-
curate way to model and store such anatomical information. A common
way generally consists in using atlases. Nevertheless, since vessels are
structures exhibiting a high variability, vascular atlas creation is a real
challenge. We propose here a method to create such atlases (essentially
devoted to vessel segmentation purpose) from a PC-MRA database. This
method 1s composed of four successive steps: segmentation, quantitative
analysis (determining vessels centerline and size), non-rigid registration
of the different images on a same reference, and fusion of these registered
Images into a single one.

Magnetic Resonance Angiography

Magnetic Resonance Angiography (MRA) provides non invasive 3D
MR techniques enabling to visualize vascular structures by detecting the
flowing blood signal. Among these techniques, Phase-Contrast MRA
(PC MRA), allows to generate two different images in only one acquisi-
tion. The first data, named magnitude image, contains anatomical, but no
vascular information, like a classical T1 MRI. The second data, named
phase 1mage, is obtained by only conserving the signal of moving struc-
tures. Then, it only contains the flowing blood signal, plus noise and
artifacts.
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From left to right: PC MRA magnitude image (sagittal slice), PC MRA phase image (sagittal slice), PC
MRA phase image (MIP visualization).

Definitions and notations

A PC-MRA data 1s denoted by p while a set of PC-MRA 1s denoted by
P. The magnitude 1image (resp. phase image) associated to p 1s denoted
DY Pmag (resp. pppq)- These images can be detfined as functions:

P [0,dy — 11X [0,dy — 1] % [0,d; — 1] —» N
(x,9,2) =

b

where dy, dy, d; are the dimensions of p, @« = mag or pha and v 1s the
gray-level value of the image at the current point. The set [0,d, — 1] X
[0,dy, — 1] X [0,d; — 1] is denoted by /, and an element (x, y,z) € I will
be denoted by x.

Input and output

The method takes as input a PC-MRA database P = { pi};f‘:_ol of arbitrary

size n and a PC-MRA magnitude image p,’;fg;g

for the registration step ( p,’;fg;g can be chosen 1n P). It provides as output

a vascular atlas A defined by:

used as a reference 1image

A: I - [0,1] X PRY) x PO, x[X[0, x[)
X > (AYx), A(x), A°(X)) = (d,t,0) °

where P(X) = {x | x € X} stands for the set of all subsets of a set X,
and (d, t, o) represents the probability to find a vessel (d), the possible
diameters of a vessel (7), and the set of its possible orientations (o) at the
current position X.

This atlas can also be modeled by the following function:

A T > R’
X = (d,a,04,0,00,$,04)(X)

which enables to store it in a simple way and to easily recover any useful
information it contains.

Algorithm

Segmentation [2] The segmentation step takes as input P = { pi};f‘:_o1 and
computes the segmentation of p* fori = 0 ton — 1:

Pleg: 1 — {0,1)
X d

Quantitative analysis [3] This step takes as input P = {p{s‘eg}?:_ol and
computes diameter ( pihi) and orientation ( pi ke) 1mages:
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Data provided by the first two steps of the method. From left to right: pt,., p', .p},..

Non-rigid registration [4] For all pfmg € P, the PC-MRA magnitude

image pfmg 1s registered on the reference magnitude image p,';fgg. This
registration provides a 3D deformation field D'. Then for any x € I, p'(x)
1s assumed to be equal to p,’;fgg(Di(X)), from an anatomical point of view.

Example of non rigid registration. From left to right: source image, target image registered image.

Data fusion The first part of the atlas (vascular density):

ﬂd:I—>[O,1]
X — d
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1s defined by:

n—1
1 . .
Vx € LAYN) =~ > plog(DY ().
i=0

The second part of the atlas (vessel diameters):

X t ’

AT > PRY)

1s defined by:

Vx € I, A'(x) = [max{0, a(x) — o4(X)}, a(X) + o4(X)],

0 if N(x) =0
—#NI(X) 2.ieN(x) P;hi((Dl)_l(X)) otherwise

a(X) = :
with: | |

N(x) = {i € [0,n— 1] | plo((D)'(x)) = 1},
and o, standing for the standard deviation associated to the value a.
The last part of the atlas (vessel orientation):

A° I — P[0, n[X][O0, x[)

X — (0

1s defined by:
Vx € [, A%(x) = O(x) X D(x),

where:

y

0 if N(x) =0
O(x) = § [0, 7] if N(x) # 0 and og(x) > /4 ,
| [6(x) — 079(x), 0(x) + og(x)] (mod ) otherwise

g

0 if N(x) =0
10, 7] if N(x) # 0 and o4(x) > /4 ,
K [¢(X) — 0p(X), P(X) + 0(X)] (mod 7r) otherwise

1 . .
)= Mpgkeﬁ«m*(x)),

IEN(X)

1 . .
px)= ) %pgke,¢<<Dl>‘l(x>>,

IEN(X)

and og(x) (resp. 0 4(x)) standing for the standard deviation associated to

A(x) (resp. $(x)).
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Experiments

Software Method implemented in C++ (using the ImLib3D [5] open
source C++ library) and integrated in the Medimax 1image processing
software platform.

Hardware 3 GHz Pentium IV processor, 2 GB of memory.

Imaging The 18 MRA (dimensions varying between 2562 x 150 and
2562 x 180 voxels) used for validation have been performed on a 1 Tesla
whole-body scanner (Gyroscan NT/INTERA 1.0 T from Philips, gradi-
ent slope 75 T/m/s, flow encoding sequence T1FFE/PCA with a TR of
10 ms and a TE of 6.4 ms).

Computation time The successive steps of the algorithms respectively
required 435, 6, and 40 minutes for each image of the database. The data
fusion required 15 minutes for a 18 1image database.

Results

Vascular density

Probability | # voxels | Ratio
p=0 9028698 |96.18 %
0<p<0.1 | 209718 | 2.23 %
0.1<p<02 87390 | 0.93 %
02<p<03 27031 0.29 %
03<p<04 13192 | 0.14 %
04<p<05 7092 0.08 %
05<p 6719| 0.07 %
p#0 351142 3.74 %

Distribution of the probability (p) to find a vascular structure. First column: values of p; second and
third columns: number and ratio of voxels x such as A%(x) = p.

Vessel diameters

Diameter (mm) | # voxels | Ratio
0<t<1.0 5066 | 1.44 %
1.0<r<20 80282 | 22.86 %
20<t<30 | 111372 |31.72 %
3.0<t<4.0 80139 | 22.82 %
40<t<5.0 565471 16.10 %
50<1t<6.0 14411 4.10 %

6.0 <t 3121 | 0.89 %

Distribution of the average diameter of the vessels in the vascular part of the image (part presenting non
zero values for A?). First column: average diameter (¢); second and third columns: number and ratio of
voxels x such as a(x) = t.

Vessel orientations

Orientation 0 [0,

(rad.) # voxels | Ratio |# voxels| Ratio
Undefined | 253978 |72.33 % | 261496 | 74.48 %
[0, /6] 3540 | 1.01 % 7298 | 2.08 %
[/6, /3] 14931 | 425% | 24873 | 7.08 %
[7/3,7/2] 31174 | 8.88% | 21669 | 6.17 %
[7/2,2n/3] 27679 | 7.88% | 16898 | 4.81 %
[2m/3,57/6] | 13597 | 3.87 % | 14685 | 4.18 %
[57/6, [ 6243 | 1.78 % 4223 1.20 %

Distribution of the orientation of the vessels in the vascular part of the image (part presenting non zero
values for AY). First column: values of 6 or ¢; second and third (resp. fourth and fifth) columns: number
and ratio of voxels presenting the current orientation according to 6 (resp. ¢).

magnitude image ( p,';f({g).
Upper-right image: probability to find a vessel (A?), visualized as a MIP of the sagittal slices. Lower-
left: average vessel diameters (part a of A"), visualized as a MIP of the sagittal slices. Lower-right:
3D visualization of a part of the orientation image (lines oriented according to € and ¢); the gray level
linearly depends on the 6 value.
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