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Projection registration of X-ray image and CT image
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Abstract :

and simulated annealing optimization algorithm is presented. Firstly, an initial transformation matrix is constructed. For

A methodology for alignment of an X-ray image and a CT image, based on the Chamfer 3-4 distance transform

the convenience of computing, geometric models of the X-ray device to reconstruct the calibration matrix are used. Then,
by defining the distance between the 3-D projective and the 2-D object image, we optimize this distance matching problem,
using the simulated annealing algorithm. This method is also integrated into medical intra-operation, dealing with the data

set acquired from 3-D image workstation and active navigation.
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Clinical diagnosis, as well as planning and evalu-
ation of therapy, is often supported by several imaging
Different

complementary information. Single photon emission

modalities. modalities usually provide
computed tomography (SPECT), positron emission
tomography (PET), and magnetic resonance spectro-
scopy (MRS) provide functional information, but
delineate anatomy poorly, whereas magnetic resonance
imaging (MRI), ultrasound, and functional X-ray
imaging, including computed tomography (CT), depict
aspects of anatomy, but provide little information.
Registration is a useful way to utilize this information
as a whole.

Medical image registration is a rapidly evolving
field of interest, with its own specific operational
conditions" . One of the most difficult tasks is to
register, if possible in real time, a video or X-ray
image of the patient (intra-operative image) with a
pre-operative image (MRI or CT) . Basically, one must
find the 3-D — 2-D projective transformation (com-
position of a rigid displacement and a perspective
projection) which maps a 3-D object onto a 2-D image
of this object, unknowing the relative positions of the
3-D object and the 2-D sensor. This problem can be
solved with artificial markers visible in both images,
but this produces unacceptable constraints (e.g.
pre-operative images must be taken on the same day as

the intervention; stereo tactic frames are very painful
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and can prevent free access by the surgeon, etc. ).
Recently, computer vision techniques have been
proposed to solve this 3-D — 2-D registration problem

21 used an

without artificial markers. Grimson
intermediate laser range finder, which provided a 3-D
description of the patient’s surface. This surface is
then matched against the surface of the segmented
corresponding surface in the medical volume image.
Colchester™ and Kanade'' also developed reconstruc-
tion/rigid registration frameworks. The approach
adopted by Schweikard®' is a 2-D correlation scheme
between the radiography and pre-computed simulated
radiographies of an MRI image. Finally, Lavallee®
used the occluding contours of the 3-D object in the
2-D image to perform the 3-D — 2-D registration task.

The method we propose in this paper aims at
finding the geometric transformation matrix between the
3-D object structure and the 2-D radiography image.
Firstly, we construct an initial transformation matrix.
For the convenience of computing, we use geometric
models of the X-ray device to reconstruct the
calibration matrix. Then, by defining the distance
between the 3-D projective and the 2-D object image,
we optimize this distance matching problem. This
paper focuses on the registration of X-ray image and
information of the CT image; the intervention process is
used in a computer aided survey.

The whole approach is divided into four steps:

1) Construct a calibration model for initial
approximated parameters;

2) Automatically segment object structure from

X-ray image;
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3) Use an optimization algorithm to compute the
precise projection matrix;
4) Calculate the 3-D

interactive selected point of the X-ray image, using

coordinate from the

retro-projection.
1 Calibration

The acquisitions of X-ray image are carried on a
Philips Integers 2000 System controlled from a remote
desk. This digital radiography device is made up
mainly of an arch supporting the source-detector set
(See Fig.1). Digital images under different incidences
are taken by rotating the arch around the table where

the patient lies.

Fig.1 Digital radiography system

To recover 3-D information from several views, the
imaging device has to be modeled. The geometric
calibration aims at the estimation of the transformation
between the 3-D volume coordinate system R, and the
2-D image frame R, , included several parameters.

These parameters can be divided into two
categories:

1) Extrinsic parameters, which modify the global
position of the source-detector set regarding the 3-D
coordinate system. Firstly, we must calculate the
rotation angle 0, around the patient and the tilt angle
0, of the source detector set. To provide full function of
rotation of the device, we must take into account
rotation around another axis. Secondly, T} and Ty are
adjusted on the horizontal and vertical translations of
the patient table relative to the source-detector set,
respectively.

2) Intrinsic parameters, which affect the scale
factors and resolution of image such as translation
between pixels, physical distance and the source
detector distance (SDD) .

Some intrinsic parameters are defined as follows:

x, y, and z indicate coordinates of CT volume
(in pixel) ;

X, Y, and Z indicate coordinates of CT volume

(in physical distance) ;

U and V indicate coordinates of X-ray image (in
physical distance) ;

u and v indicate coordinates of X-ray image (in
pixel) .

At first, we transform the object coordinate system
to the world coordinate system. The 3-D coordinate of
CT volume can be generated by firstly rotating the
volume, then translating and scaling it.

{X,Y,Z!" = S;(R - {x,y,z{" + T,)

Rotation matrix R is the matrix production of Ry, ,
Ry, and Ry, :

R = R63R62R61 = RszRx =

[ cosf; O sin@;| [cosd, - sind, O
0 1 0O |-|sind, cost, O

L - sinf; 0 cosd,- 0 0 1

! 0 0

0 cosfl, - sind,

LO sinf, cos0, 4

where 0; is the additional rotation angle, for the
implementation of various rotation orientations.

Translation vector T, = {0, Ty, Ty}". If we set

original point to the source, then T, = 10, T,,D -
Tyl".
s, 0 O
Scale factor §; = | 0 s, 0 Under the
0 0 s
condition of interpolated isotropic volume, s, = s, =

s, -
According to the pin-hole model (perspective
projection) indicated in Fig.2,
D D
U = X?’ V = Y7
tu,vi" = Pix, vy, z{"
where P is the perspective projection matrix. For
convenient computing, we use a normalized matrix
instead, that is

%U7V’K}T = R%X’Y7271}T

Transformation from physical distance to image

pixel is
;uaU}T = Sz{U,V}T + T,
/s, O
where S, = [ ], s, and s, are the scale
0 1/s,

factors from pixel to physical distance. In the isotropic

cu
X-ray image, s, = s,; I, = { }, ¢, and ¢, are the
C'I)

initial coordinates of the pin-hole model.

From above, the projection matrix comprises ten
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'_"7/(X, Y,Z)

C.» G,

Fig.2 Pin-hole model

parameters: 0,, 0,, 05, Ty, Ty, D, sx(sy ,8.),
5.(s,)s ¢,, c,. These parameters are used in the

following optimization step.
2 Segmentation

distance
In the

procedure of intervention, object structure, such as

Segmentation is necessary for the

transformation-based optimization algorithm.

vascular, is projected onto the 2-D X-ray image. The
original image is shown in Fig.3, which is a cube
containing three hollow channels, and it is used to
simulate a vascular structure in the CT image. The 3-D

display of this structure is shown in Fig.4.

Fig.3 Original X-ray image Fig.4 3-D display of object

The approach we undertake to segment is based on
multi-step segmentation. Firstly we use open operator
(erosion and dilation in morphology), then try to
extract the circle area of the whole image, at last we
use some automatic threshold algorithms to segment the
object out.

1) Use open operator to erase the annotation of the
whole image.

2) Extract circle region of the image. We try to
depict the

polar-coordinate. That is, we try to transform the

image from the ortho-coordinate to
coordinate from (x,y) to (p,ﬁ), then we calculate
the average gray level and mean difference along the o
axis. The corresponding radius can be easily
calculated.

3) Segment the object’s structure within a circle
area. When we exclude the non-circle area, the

background effect can be greatly removed. Using the

threshold-based

structure, as shown in Fig.5.

segmentation, we extract the

Through the operations above, the structure is
automatically segmented out. Before the optimization
step, a thinning operator and a Chamfer 3-4 operation
(sometimes a sobel operator in contour points
matching) are used. Fig. 6 is the skeleton map and the
contour map, Fig. 7 is the distance maps generated

respectively.

)A o

Fig.5 Segmentation result Fig.6 Skeleton and contour map

'

Fig.7 Skeleton distance map and contour distance map

3 Simulated Annealing Optimization

After the

approximate projection of a 3-D structure is generated,

initial ~ calibration approach, an
as shown in Fig.8. Using an interpolation method, this
projection is taken into our algorithm input as a point
set. The distance value of each projection point depicts
the error between the 2-D image object and projection
of the 3-D image object. So we propose to deal with this
error by using a distance function E(U), which is a
real valued function that measures the difference
between point set U and the 2-D image, namely
another data set V. The specific function we proposed
1s

E(U) = > d*(u,)

wEU
where u; is the point of set U and d(u;) is the
distance value of point u; in the corresponding distance
map. Under the ideal condition of correct projection,
E(U) = 0.

So optimization is described as below to solve the
following problem: Given a segmented object image
with its distance map; a set of 3-D points X, whose
projection by matrix is a 2-D point set U; and a
projection matrix M with ten parameters and its initial
approximate value, find the final space transformation
matrix M that aligns the 3-D point set X with 2-D
image well.

In our energy function, the solution is to find the
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minimum energy value, which makes the point set U
mostly coincide with the segmented image.

P. Besl” , J. Feldmar'® and D. Kozinska'® used
some algorithms such as ICP and Marquardt-Levenberg
optimization method to solve this problem. These
optimization processes need some calculation of
gradients and matrix operations, such as the matrix
inverse, which make algorithms complex to implement
and unstable to produce the correct solution. We
propose a new optimization approach instead.

Fig.9 is the sample contour graph of energy
function which is simplified to only 2 parameters. Point
A is the initial position with parameter (pi,,p.4).
Firstly, parameter p, is a constraint and parameter p, is
resampled along the p, axis around p,, . We can get the
minimum energy point (p,, ,p,:). Then we constrain
p1 at pyy to get another minimum point (py ,poy ). At
last, the local minimum point B is reached. After that,
similar steps are used at point B. If the calculation time
is enough, other local minimum value points C and D
and others will be reached soon. From these local
minimum points, we find the global minimum point,
which is the correct optimization solution. The reason
why we constrain some parameters is to reduce the
calculation time, and make this algorithm’s time
one-dimensional relative to the number of parameters.

P1y B
A (Pm » P24 )

(PIA > P2A)  —"

S

>
2]
Fig.8 Initial projection Fig.9 Resample process
The detailed algorithm is described as follows.
While iterative time < a threshold
For every parameter p;
Resample p; around last value, find the minimum energy
one;
End for
If £ < E.;
Ewn = E;
Iterative time = 0;
Else
Random jump of all parameters from last found minimum

value point;

End if
End while

The algorithm result is shown in Fig.10. Fig.10(a)
is the projection during the procedure. Fig.10(b) is the

Fig.10(c) is the

projection located in the original X-ray image. From

final result after optimization.
these resulting images, we can see that the 3-D
skeleton’s projection coincides with the original X-ray

image well.

(a) (b) (e)

Fig.10 Projection process. (a) Projection during procedure; (b)

Final result of registration; (c) Projection to original image
4 Retro-Projection

The use of registration is trying to build a
transformation matrix between the 2-D image and the
3-D CT data. It is very useful in intra-operation, such
as intervention and virtual endoscope procedure. The
CT image can be acquired before the operation and the
X-ray image is obtained during operation.

When physicians select a point in the X-ray image
by retro-projection, the corresponding 3-D position in
the CT volume will be calculated out in real time. With
the help of some CT image workstation systems,
physicians can see the virtual image from that point
along the extracted path and can also be provided the
chance to simulate a surgical process.

The retro-projection method used is indicated in
Fig.11. When point A in the 2-D image is selected, the
distances of that point to all paths are compared. Among
them, if the distance is lower than a threshold and point
displacement is between the start point and end point of
that path, this point belongs to that path. The corresp-
onding space position will be computed out by the ratio

where the point is located in the path.

Fig.11 Retro-projection
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Astopoint A, I, = M(L,),l, = M(L,),A€ [,
the position of space point B can be calculated by the
ratio A in /,. In Fig.12(a), point X is the selected

path point in the 2-D X-ray image. Fig.12(b) is the

simulated image generated by virtual endoscopy from

1
A 4

corresponding the 3-D point.

(b)

Fig.12 Retl‘O—pI‘O_]eCthIl and rendering result. (a) Select path

point X; (b) Rendering by virtual endoscopy
S Discussion

We have developed a methodology for distance-
based registration and demonstrated the effectiveness of
this approach in alignment of the X-ray image and CT
image. The result shows that the approach is useful in
the skeleton projection.

The approach stated in this paper has four key
ingredients which are complementary: evaluation of
projection matrix, image segmentation, Chamfer 3-4
distance transformation and simulated annealing
optimization. The projection matrix with its parameters
is used in optimization step. Segmentation limits the
accuracy of registration, so our segmentation is based on
many image processing operators, trying to precisely
extract structure of interest. The Chamfer 3-4 distance is

the basis of construction of the energy function, which

is followed by an optimization approach. A simulated

annealing method can reach a stable solution.
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