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1. INTRODUCTION 

It is well known that enhancement of digital subtraction angiography (DSA) images is 
essentially a registration task [1], i.e. mask and contrast image must be matched before 
subtraction to reduce artifacts that arise from patient movement. Most of the current 
algorithms are point-based registration methods using motion vector fields obtained by 
template- or block-matching procedures [2,3,4]. However, the main problem of such 
registration strategies is, that mask and contrast image are dissimilar to a certain extent due to 
the injection of contrast agent during image acquisition.  

Recently, similarity measures have been introduced obtained from weighted one-
dimensional histograms that are especially suitable for these dissimilarities in DSA [5]. It has 
been mathematically proven that any convex weighting function is appropriate to measure the 
degree of misregistration [6]. Furthermore, it has been shown that this class of similarity 
measures is better adapted to the gray-value distortions in DSA images than other well-known 
similarity measures such as cross correlation [7], sum of absolute differences [8], and 
deterministic sign change [2,3]. In particular, the histogram-based similarity measures lead to 
a very smooth motion vector field, i.e. the number of outliers in the motion vector field is 
significantly reduced compared with the usually employed measures. With respect to 
computational efficiency we used the (strictly) convex energy function for the similarity 
measure presented in this paper. The motion vector field supplies us with a set of homologous 
landmarks that is used for point-based registration. Results are presented for image pairs 
corrected with an affine transformation, where the patient-induced distortions could be 
reduced. However, patient motion is often more complex. Especially for abdominal images, it 
has been shown that residual artifacts are visible in the subtraction images even after an affine 
correction. Therefore, higher-order polynomial or even more flexible transformations must be 
applied. In this paper, we present the results of an elastic registration based on thin-plate 
splines [9]. This interpolation approach can be used thanks to the very smooth motion vector 
fields that are estimated with sub-pixel accuracy. 
2. DSA ALGORITHM 

While in clinical routine an interactive shifting procedure is established to compensate 
for patient movement artifacts, here, a correction has been proposed based on motion vector 
fields. The main problem for the estimation of the motion vector field is the choice of an 
appropriate similarity measure [4,5], because mask and contrast image are dissimilar due to 
injection of contrast agent. Recently, similarity measures have been introduced, obtained from 
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weighted one-dimensional histograms that are optimally adapted to the dissimilarities of DSA 
[6]. Such measures are defined in a 3-step procedure that consists in: (i) subtraction of images 
inside a quadratic block that is called template, (ii) calculation of gray-value histogram of the 
difference image and normalization of the histogram according to Σpk=1, where pk is the 
fraction of pixels with gray-value gk, (the fraction of pixels depends on the shift parameters r 
and s, i.e. pk=pk(r,s)), and (iii) evaluation of similarity measure M(r,s)=Σh(pk), using an 
appropriately defined weighting function h(p). It has been shown that the energy similarity 
measure, the sum of the squared histogram values, i.e. h(pk)=pk

2, turned out to be the most 
suitable measure for template matching and is consequently used in this paper. 

Sub-pixel correction is often required for shift procedures, because if there is mis-
registration, even of less than one pixel width, the subtraction operation is similar to a 
differentiation [10]. This may lead to strong distortions at the edges of objects in the 
subtraction image. This is especially important, if interpolation procedures are applied for 
image correction. Two approaches to obtain the parameters of a sub-pixel shift are possible. 
On the one hand the templates in the mask and corresponding contrast image can be 
interpolated and then shifted on a sub-pixel grid. This method is very time consuming and, 
therefore, not used here. On the other hand a quadratic approximation of the similarity 
measure in the vicinity of the extremum (estimated in pixel accuracy) can be used to obtain 
sub-pixel shift estimates. This is a faster approach than interpolation of the image data. An 8-
neighbourhood is used of the similarity measure optimum, i.e. the maximum of the energy 
similarity measure, to fit a quadratic function. The parameters of the function 
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are computed using singular value decomposition [11]. Hence, the optimum of that 
approximated quadratic function yields the estimates for the sub-pixel shift: 
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Fig. 1 illustrates the approximation of eq. (1) to the objective function (the energy similarity 
measure) obtained from a template that is shifted in an image pair of the abdomen. The grid 
represents the values of the pixel-accurate energy similarity measure. For visualization 
purposes the energy measure is inverted in this illustration. The gray-value coded surface of 
the approximated quadratic function (1) is overlaid to the grid of pixel-accurate energy 
values. It can be seen that the extremum of the approximated quadratic function (indicated as 
black circle) is slightly shifted with respect to the pixel extremum of the energy similarity 
measure which can be found at (r,s)=(0,-9). 
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Fig. 2a/b show the mask and contrast image of the abdomen example introduced above. 

The vessel tree of a transplanted kidney is investigated. The homologous landmarks are 
drawn inside the indicated rectangular region-of-interest and the motion vector field is 
indicated in the contrast image. For better visualization both regions are blown up. The set of 
homologous sub-pixel landmarks (i.e. the template centers, sometimes also called control 
points) resulting from the template matching is straightforwardly used to estimate the 
parameters of an appropriate transformation f relating the points of the mask image to the 
corresponding points in the contrast image inside the region-of-interest:  
 ( )( ' , ' ) ( , ) ( ' , ' ), ( ' , ' )x y x y f x y f x yx y→ = , (3) 

where ( ', ')x y  and ( , )x y  are the coordinates of the contrasted image and the mask image, 
respectively. 

In clinical routine the function f in eq. (3) is the pure shift transformation. As 
improvement of this situation mask and contrast image may be subtracted inside the region-
of-interest after motion correction with an affine transformation that allows for the 
compensation of shift, scale, rotation as well as skew artifacts and is hence better adapted to 
the artifacts appearing in clinical practice than the pure shift operation. However, patient 
motion is often more complex. Therefore, higher-order registration procedures must be 
applied. In this paper, we present the results of an elastic registration based on Bookstein´s 
thin-plate splines [9,12] which can be considered as an interpolation. The set of homologous 
landmarks is the same as for the affine transformation, indicated in the mask and in the 
contrast image of fig. 2. Let Qk=(xk,yk) be a set of points in the mask image and Pk=(x’k,y’k) 
be the corresponding set in the contrast image (k=1,...,N, where N is the number of landmarks 
or control points). For the thin-plate spline approach the function f in eq. (3) can be written as  

 
Figure 1: Mask (a) and contrast image (b) of an fluoroscopic image pair of the abdomen. The quadratic template 
and the local coordinate system are indicated in the mask image. Approximated quadratic function (c) from the 
energy similarity measure. The grid shows the pixel-accurate values of the inverted energy. In the 8-
neighbourhood (indicated with black points) of the point (r,s)=(0,-9) a quadratic function is fitted. This function 
is gray-value coded and overlaid onto the visible grid of pixel-accurate energy values. It can be seen that the 
minimum of the quadratic fit is slightly shifted with respect to the energy minimum of the grid.  
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where the point denotes the index for the x- or y-coordinate. 
 
 

 
Figure 2: Mask (a) and contrast image (b) of abdomen fluoroscopies showing the success of a kidney 
transplantation. In the rectangular region-of-interest (blown-up for better visualization in both images) the 
distribution of landmarks can be seen as black-colored crosses. Additionally, the motion vector field - visualized 
in the blown-up only - is given by white lines attached to the crosses in the contrast image. 
The radial basis function used in the thin-plate approach is 

 U r r r( ) log( )= 2 2  ,  (5) 
where r is the Euclidean distance r=(x2+y2)1/2. In addition to these equations, the method also 
requires the boundary conditions 
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where w•k are the parameters of the elastic components of the registration. The boundary 
conditions ensure that terms are removed that grow faster than linear terms as one moves far 
away from the data. The set of equations (4) is solved by singular value decomposition [11]. 
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Fig. 3 shows the results of the interactively applied global shift (a), the affine  
transformation (b), and the elastic transformation (c) applied to the mask image prior to 
subtraction. The patient-induced distortions, visible in fig. 3a, can be significantly reduced by 
application of the affine transformation (fig. 3b). However, especially for the presented 
abdominal images residual artifacts (e.g. indicated with an arrow in the affinely corrected 
region) are visible in the subtraction image even after an affine correction. 

 
 

   
Figure 3: Subtraction results for the manually shifted correction (a) compared with the affinely (b) and 
elastically corrected (c) region-of-interest indicated in fig.2. The arrow in the affinely corrected DSA image 
marks an example for a residual artifact that vanishes in the elastically corrected image.  

 
 

3. CONCLUSIONS 
We compared the quality of digital subtraction angiography images that underwent 

different motion correction procedures prior to subtraction. A global interactive shift 
corrected mask as well as an affinely and an elastically motion corrected mask are used to 
enhance the quality of the subtraction images. The latter two approaches are based on motion 
vector fields that are obtained from a template matching procedure optimizing a histogram-
based energy measure. The motion vector field is given in sub-pixel accuracy obtained from 
an approximation of the objective function with a quadratic function in the neighbourhood of 
the pixel extremum. For the abdomen fluoroscopy example, selected in the present paper to 
illustrate the results, it becomes evident that pure shift operations and also affine 
transformations cannot cope with the flexible motion that typically occurs in abdominal 
regions. Therefore, a thin-plate spline approach is used to achieve a further enhancement of 
the subtraction images. Thanks to the smooth, sub-pixel accurate motion vector field that is 
estimated with the histogram-based energy similarity measure, the application of the thin-
plate spline interpolation is possible without specific efforts for outlier treatment. 
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