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Three-Dimensional Digital Subtraction Angiography
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Abstract

A dye-edge tracking algorithm was used to determine the corresponding points in the two
images (anterior-posterior and lateral) of the digital subtraction biplane angiography. This
correspondence was used to reconstruct three dimensional images of cerebral artery in a
dog experiment. The method was tested by comparing the measured image of oblique
view with the computed reconstructed image. For the present study, we have developed
three new algorithms. The first algorithm is to determine the corresponding dye-edge
points using the fact the dye density at the moving edge shows the same changing pattern
in the two projection views. This moving pattern of dye-edge density is computed using
a matching method of cross-correlation for the two sequential frames’ dye density. The
second algorithm is for simplified perspective transformation, and the third one is to identify
the specific corresponding points on the small vessels. The present method can be applied

to compute the blood velocity using the dye-edge displacement and the three- dimensional
distance data.

I. Introduction
*EL2H, ey ERKE ETYR

(Dept.of Biomedical Eng., Seoul|National Univ.) Digital subtraction angiography(DSA){!1+12]
RSB, M Sl BRI REHEE is a relatively new diagnostic tool for early
(Dept. of Diagnostic Radiology, Seoul National Univ)  detection of vascular diseases. By displaying
SESE, AN TRAYE EF I the blood vessel image without background

(Dept. of Electronics Eng., Seoul National Univ.)  interference, DSA can provide an improved
#EZHF 19824F 9 H 24H blood vessel image with reduced amount of dye
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injection in arterial angiography. Also, this
method can be used as a noninvasive technique
with intravenous injection of radiopaque dye.
Another promising area of DSA application
is a quantitative functional study of physiologi-
cal state, using the changes of dye density in
sequential frames!3!.

As a preliminary study for application of
DSA on the blood flow dynamics, we present
a new method of reconstructing three-di-
mensional (3-D) angiographic images from
the biplane two-dimensional (2-D) angiographic
Gata. Especially we have developed a method
of utilizing the changes of dye density at its
moving edge in sequential image frames to
find the corresponding vessel points between
two images.

In previous methods of conventional an-
giographic system, the corresponding points
were determined manually for each point, or
a priori information of the feature points was
used to estimate the correspondence[4] .

In addition to the above improvement, we
also applied a new simplified perspective
transformation method for displaying 3-D
data in 2-D plane, and evaluated an algorithm
of finding a corresponding point in small size
vessels.

II. Computer Algorithms

1. Three-Dimensional Coordinate Reconstruc-
tion

The projection of a point in 3-Dimensional
space to a 2-Dimensional image plane can be
represented by a transformation matrix, T, in
the homogeneous coordinate system[S] ag
follows;

Ty Tiz Tas
Ty Taa Tas
T3y T3z Ts3
Ta; Taz Taa

e (1)
T

[X,Y,Z,1] x =[x,y,w']

=w' [U,V,1]

where (X,Y,Z) is the position in a 3-D space,

(x',y") is the 2-D position,
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w is an arbitrary scale factor,

(U,V) is the normalized 2-D posi-
tion.

In Eq. (1), the twelve elements of T matrix,
Tij, are the characteristic parameters deter-
mining the projection of any points in 3-D
space to 2-D plane. Thus, any 3D-to2-D
projection and its inverse can be obtained using
Tij parameters, where Tij can be computed
from 3D-to-2D projection data for at least
5% points. 61 In the present study, the three
dimensional position and its projection data
of twelve reference points of lead pellets inside
a plastic phantom were used to compute Tij.
Using the computed Tij and two 2-D projection
position data of a point, one can estimate the
position in 3-D space by the least square error
method. 7

2. Algorithms for Detecting Dye-edge Points

The correspondence of a point in the an-
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Fig. 1. A flow-chart of edge-tracking algorithm.
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terior-posterior (AP) and lateral (LAT) images
of the biplane angiography is obtained using
the fact that the dye density at the moving
edge shows the same changing pattern in the
two projection views. This moving pattern
of dye-edge density is evaluated using a
matching method of cross-correlation for the
two sequential frames’ dye density.

Detailed algorithm is shown in Fig. 1.First,
the region of interest (ROI) of the vessel is
determined after logarithmic processing and
subtraction procedure between the completely
dye-filled frame’s image (the last frame) and
the mask image of pre-injection. Then, the
center line is traced along the vessel to provide
the pixel position data. The varying dye
density data for sequential frames along this
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Fig. 2. Computation of the dye-edge displace-

ment using the cross-correlation me-
thod,
In (a), Dio_l(n) shows the relative dye
density profile against the pixel position
in the previous frame and D%(_l(n) is
the same profile shifted by k pixels.
Fig. 2. (b) shows the present frame’s
dye density profile against the pixel
position, (c) shows the computed
cross-correlation between the above
two profiles as a function of shift
variable, k. The maximal cross-correla-
tion point of k,, provides the estimated
value of the dyedge displacement of
“d”.
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center line are used for computation of the
The dye dis-
placement between the two frame sequences
is determined by the pixel difference having
the maximal cross-correlation coefficient, as
(10} "and Fig.

cross-correlation coefficient.

given in the following equation
2.

Nik{ DX () -Bi_l} {Di(n) ‘Bi}

n=1

(k) - 2 -
JE b, ym D, | £ DB,

n=

Py

(2)
1 Nk

and D.=—— %
=1

i Nk % D

where i; the frame sequence number of the
present image frame,
n; the pixel position number of the
center line in a given frame,

the total pixel numbers of the

center line in one frame,

Di(n); the relative dye density at the
n-th pixel position in the ith
frame

k; the pixel shift variable in com-
puting cross-correlation.

For the relative dye densitv profiles of two
sequential image frames, Di(n) and Dj 1(n) in
Fig. 2, the cross-correlation coefficients,
pi(k), are computed in Eq. (1) for each k.
Then, as shown in Fig. 2, the pj(k) has the
max. value when the pixel shift variable of
cross-correlation, Kk, equals the dye-edge dis-
placement between the two sequential frames.
Thus, by selecting k., which provides the
maximum value of pj(k), we can estimate
the dye-edge displacement.

Then, the dye-edge position of the current
frame is computed by adding this pixel number
of dye displacement to the prior frame’s dye
edge position.

The above procedures are repeated for both
lateral and anterior images, and the dye-edge
points of two images are considered as the
corresponding points at each frame.
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3. Complementary methods for determination
of corresponding points on the vessel

When the accuracy of the above cross-
correlation method is low due to scattering
noise in small size vessels, the projection matrix
(T) and the projection data in one image are
used to identify
points of the other image, using the following

the corresponding vessel

complementary method!®).  Also this method
can be used to determine any corresponding
points located between two neighboring dye-
edge points.

When Tij and T'ij are the projection trans-
from matrices for two 2-D biplane images, and
(U,V) and (U',V') are their projected position
data for a given point, U and V' must satisfy
the following line equation:

U =MV +N 3)

where
!

C C
N=—+ [
A M A

v AD - BC
" AD - BC

!
A=Ti3+Ths+Tis; B= Tty + Tity+ Tas
C= Ty+Tysi+Tyys; D=Tyti+Taty+ Tay

C'= Tia+ T8y + Thys, D'= Tyt +Tity+ Tay

a2C1— a3 ¢C, a1b2~a2b1

$1= ————— §35 ————
17 byeg- by 2 bies-bacy
_ C1da-cady . byc1-bce
byca- bycy : byca- bacy
a;=Ty-TiU =Ty~ T3V
by= Ty -Taz U by=Ty~TyV
¢ =Ty~ TaaU €35 T3~ T3V
dy=Ta~Ta U dy= Tap~ Taz V

When the corresponding vessels in the two
images are known, this line equation can be
used to identify a specific corresponding vessel
point on the second image for any given points
in the first image as shown in Fig. 3.

4. Perspective View

We also developed a new simplified perspec-
tive transformation method in presenting a
perspective view from the reconstructed 3-D
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(a) (b)

Fig. 3. A complementary method was used to
corresponding points
Six points in A.P.
image (b) corresponding to the points
in LAT. image (a) were determined
by the crossing points of the vessels
and the lines.

determine the
in small size vessels.

image data for any observer locations and
viewing angles.

Using a geometrical manipulation, the
relation between the eye coordinate (Xe, Ye,Ze)
and the world coordinate (X, Yw,Zw) is given
as follows;

[Xe,Ye,Ze,11=[Xw,Yw,Zw,1] *

b ac a N
B
R’ R(R; R,
a be b 0
R, RiR; R,
R, C
—% . 0
© & R
0 0 R, 1 4)

where (a,b,c) is the observer’s position in world
coordinate,

R, = (a®+b*+c? )‘/2

R2 (3.2 +b2 )1/2

1l

Then, the eye coordinate data can be used
to compute the screen coordinates (XS,YS‘
using a simple triangular relation.t9) Also,
assuming a cylindrically symmetric vessel
structure, the vessel can be displayed in its
real size using the vessel diameter of the pro-
jection image.

The algorithms for 3-D reconstruction,
dye-edge detection, and perspective display
are summarized in the flow-chart of Fig. 4.
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Fig.4. A flow-chart of the 3-dimensional reconstruction algorithm

with dye-edge

HI. Experiment and Methodology

1. Cerebral Biplane Angiography

The present algorithms were tested in
cerebral artery biplane angiography of a dog
weighing 19-Kg.
ascending aorta after insertion through the
femoral artery. A bolus of radiopaque dye
was injected using a power injector (Medrad,
Mark IV) at an injection rate of Sml/sec for
total amount of 7 ml.

A catheter was located in

tracking method.

2. Measurement Technique

Our own DSA system is shown in the system
block diagram of Fig. 5 which consists of a
X-ray generator (G.E., MSI-1250/V, 1000 MA),
image intensifier (6"-9" Circular, Cesium
Iodide), plumbicon camera and two VTRs
(3/4", Victor, Umatic). The recorded video
data at the frame rate of 30 frames/sec was
digitally processed using a Image Frame store
(Colorado Video Inc. with 256x256 6bits),
and analyzed using a MINC-11 computer.

Image

intensifier CAMERA

P

su?iiii)
i

X-RAY

Fig. 5. A block diagram of DSA

COMFUTER
(MINC-11)

system, developed previously

by our group and used for the present study.
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Dye-edge tracking for twenty frame’s data
was accomplished using the method described
above. The first dye-edge point was determined
by comparing the decreasing dye density
pattern in A.P. and LAT. images.

The 3-D reconstruction and its perspective
display were obtained using the previously
described method.

The overall procedure is illustrated in Fig.
13.

IV. Results

Fig. 6 shows the dye-filled image for A.P.,
and LAT. views, and Fig, 7 shows the cerebral
artery image after digital logarithmic substrac-
tion process between the mask images and the

dye-filled images.

(3) AP image (b) LAT image

Fig. 6. Dye-filled images of canine cerebral
artery.

b TS

(a) AP image (b) LAT image

Fig. 7. The blood vessel images after logarith-
mic and subtraction process.

Changes of the grey-level data for 200
pixels along the vessel’s center line are shown
in Fig. 8 for twenty LAT. image frame se-
quences. After performing log-subtraction
between the mask image and each frame
image, the center line’s dye density data are

shown in Fig. 9. These data were used for
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Fig. 9. Changes of dye density, as computed
after log-subtraction of the grey level
data of Fig. (7).

computation of cross-correlation coefficients.

The fluctuation of grey-level data in Fig. 8
might be caused by the X-ray scattering. This
fluctuation decreased significantly in the
dye density data of Fig. 9 after log-subtraction
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Fig. 10. Dye-edge displacement between the
sequential frames, as measured in

actual traveling distance for each
frame.
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Fig. 11. Twelve perspective views of the re-
constructed 3-D images for different
observing angles, as viewed in 30°
interval.

(a) and (b) are A.P. and LAT. images

Approximate mirror

respectively.
images are obtained in (¢) and (i),
(f) and (j), and (g) and (k).

process.

The displacement distance of the moving
dye-edge at each pixel is shown in Fig. 10.
Due to the pulsatile characteristics of the
cerebral blood flow, it is shown that the dis-
placement distance is different for each frame.

Fig. 11 shows the perspective views for dif-
ferent observer’s viewing angles. The validity
of the present study can be shown in Fig, 12
where the computed oblique view is compared
to the measured oblique image.
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b
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Fig. 12. Comparison of the measured and the

computed images;

(a), (b) are original oblique views in
biplane angiography.

(¢), (d) are the computed oblique
views corresponding to (a) and (b),
respectively,

(e) is the computed axial view,

(f) is the computed image for the same
angle as the measured A.P. image,
(g) is the computed image for the same
angle as the measured LAT. image.

V. Discussion

In this paper, the dye-edge tracking al-
gorithm was used to determine the corres-
ponding points in two images (A.P. & LAT.)
of the digital biplane angiography. This cor-
respondence was used for three-dimensional
reconstruction of carotid arteriography. The
method was tested by comparing the measured
image of oblique view and the computed image
for the same viewing location and angle.

The present method has the following
characteristics for its future clinical applica-
tions; First, using the computed perspective
views, the clinicians can determine the optimal
angle difference for biplane angiography to
locate the specific lesions, such as the occlusion
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Fig. 13. Dlustration of the overall procedure.

points. Second, the neighboring or the over-
laying vessels can be separated for selective
angiography using the present method when the
arrival times of the contrast media are different
for these vessels. Also, any vessels parallel to
the line of the X-ray source to the image in-
tensifier can be easily located by the stationary
dye-edge points. Third, the pulsatile blood
flow velocity and its distribution may be
measured by using the dye-edge displacement
in the peripheral arteries with slow flow velo-
city!®!  Since the digital subtraction angio-
graphy can be used noninvasively, the blood
flow velocity measured from the dye-edge
tracking system may be used as important
clinical data in diagnosis of the vascular dis-
eases.

The estimation error for 3-D reconstruction
could be caused by the noise effects existing
in the digital subtraction angiographic system.

Perspective Tranaform,

19834 L1 o - IFREEE §120% 1 9%

The noise sources include the scatter in the
patient, the veiling glare in the image intensi-
fier, the beam hardening effects, and the
patient’s motion artifacts. In addition to
these noise sources problems, the present
cross-correlation method requires the same dye-
edge profiles in the sequential frames. In the
present study of cerebral artery, it is shown
that these conditions are satisfied to provide
the dye-edge displacement.

We also plan to convert our present 256x256
pixel size to 512x512 pixels to improve the
original image resolution, and we are evaluating

(8]

various noise reduction techniques to

improve our DSA image quality.
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