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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 ¥p;=1, where py is the
fraction of pixels with gray-value g, (the fraction of pixels depends on the shift parameters
and s, i.e. pr=pu(r,s)), and (iii) evaluation of similarity measure M(r,s)=Zh(pi), using an
appropriately defined weighting function 4(p). It has been shown that the energy similarity
measure, the sum of the squared histogram values, i.e. A(py)=pi’, 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

M(x,y)=b0+b1x+b2y+b3x2+b4xy+b5y2 (D

are computed using singular value decomposition [11]. Hence, the optimum of that
approximated quadratic function yields the estimates for the sub-pixel shift:
2bb, —b,b b, +b
Spin =—>———— and rmmz——sm“‘ ! (2a/b)
b, —4b.b, 2b,

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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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.

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:

@)= @p=(£@ V)L )). 3)

where (x',)') 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 Qx=(xx,yx) be a set of points in the mask image and Py=(x"k,y’x)
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
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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’log(r*) , (5)
where 7 is the Euclidean distance r=(x*+)%)"

requires the boundary conditions

N N N
dDw,=0,>w,x, =0and Y w,y =0. (6)
k=1 k=1 k=1

. In addition to these equations, the method also

where w.i 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
tra1sformation (b), and the elastic transforination (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.

ACKNOWLEDGMENT

The authors would like to thank Dr. L. J. Schultze Kool, University Hospital Leiden, for
providing us with the data sets. The algorithm was implemented on an experimental version
of the EasyVision workstation from Philips Medical Systems and we would like to thank ICS

143



(EasyVision / EasyGuide) Advanced Development, Philips Medical Systems, Best, for
helpful discussions.

REFERENCES

(1]

W. A. Chilcote, M. T. Modic, W. A. Pavlicek et. al., Digital subtraction angiography of the carotid arteries: A
comparative study in 100 patients, Radiology 139 (1981) 287.

A. Venot and V. Leclerc, Automated correction of patient motion and gray values prior to subtraction in digitized
angiography, IEEE Trans. on Med. Im. 4 (1984) 179.

K. J. Zuiderveld, B. M. ter Haar Romeny and Max. A. Viergever, Fast rubber sheet masking for digital subtraction
angiography, SPIE 1137 Science and Engineering of Medical Imaging (1989) 22.

T. M. Buzug and J. Weese, Improving DSA images with an automatic algorithm based on template matching and an
entropy measure, Proc. of the CAR’96, H. U. Lemke, M. W. Vannier, K. Inamura and A. G. Farman (Eds.), (Elsevier,
Amsterdam, 1996) p. 145.

T. M. Buzug, J. Weese, C. Fassnacht and C. Lorenz, Using an entropy similarity measure to enhance the quality of
DSA images with an algorithm based on template matching, in: Proc. of the 4™ Int. Conf. on VBC’96, Lecture Notes in
Computer Science 1131 (Springer, Berlin, 1996) p. 235.

T. M. Buzug, J. Weese, C. Fassnacht and C. Lorenz, Image registration: Convex-weighted functions for histogram-
based similarity measures, Proc. of the CVRMed/MRCAS’97, Lecture Notes in Computer Science 1205 (Springer,
Berlin, 1997) p. 203.

A. Rosenfeld and A. Kak, Digital picture processing, 2nd ed. (Academic Press, New York, 1982).

J. M. Fitzpatrick, J. J. Grefenstette, D. R. Pickens, M. Mazer and J. M. Perry, A system for image registration in
digital subtraction angiography, in: Information processing in medical imaging, C. N. de Graaf and M. A. Viergever
(eds.), (Plenum Press, New York, 1988) p. 414.

F. L. Bookstein, Principal warps: Thin-plate splines and the decomposition of deformations, IEEE Trans. PAMI 11
(1989) 567.

M. Yanagisawa, S. Shigemitsu and T. Akatsuka, Registration of locally distorted images by multiwindow pattern
matching and displacement interpolation: The proposal of an algorithm and its application to digital subtraction
angiography, in 7™ Int. Conf. of Pattern Recognition (IEEE Computer Society Press, Silver Spring Md., 1984) p. 1288.

W. H. Press, B. P. Flannery, S. A. Teukolsky and W. T. Vetterling, Numerical Recipes in C (Cambridge University
Press, Cambridge, 1990) p. 534.

K. Rohr, H. S. Stiehl, R. Sprengel, W. Beil, T. M. Buzug, J. Weese and M. H. Kuhn: Point-Based Elastic Registration
of Medical Image Data Using Approximating Thin-Plate Splines. In: Proc. of the 4™ Int. Conf. on VBC’96, Lecture
Notes in Computer Science 1131 (Springer, Berlin, 1996) p. 297.

144




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


