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Figure 2. First example of a case in which the automatic registration technique was
found to be superior compared to manual pixel shifting. Top-left: original lateral cerebral
DSA image. Top-right and bottom-left: resulting DSA image after manual registration by
means of pixel shifting, for two of the four observers. Due to the rotational nature of the
patient’s movement, it was not possible to obtain an overall optimal correction of motion
artifacts by means of this technique. From these two images it is clear that a reduction
of artifacts in one part of the image (in this example the lower left part) may result in a
deterioration of artifacts elsewhere (in this example the lower right part). bottom-right:
DSA image resulting from application of the automatic registration technique.

by this technique, we conclude that in practice more images contain motion artifacts than
are usually corrected. Manual correction of all images by means of pixel shifting is a
labor intensive operation: the results of our study indicated that, on average, 12 sec. per
DSA image are required to apply this technique optimally. Apart from resulting in better
overall image quality than manual pixel shifting, the automatic technique is considerably
faster. On average, it requires only 1 sec. per DSA image. Moreover, the technique does
not require any effort from the radiologist.
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Figure 3. Second example of a case in which the automatic registration technique was
found to be superior to pixel shifting. Top-left: original tilted oblique frontal cerebral
DSA image. Top-right and bottom-left: resulting DSA image after manual registration by
means of pixel shifting, for two of the four observers. Similar to the previous example,
the patient’s movement as projected in the imaging plane was more complex than uniform
translation. Although the artifacts were reduced subtantially (see the lower part of the
image), it was not possible to obtain an overall optimal correction of motion artifacts by
means of this technique. Bottom-right: DSA image after application of the automatic
registration technique, resulting in improved visibility of the main vessel.

We note that although the k,, test indicated substantial agreement between the ob-
servers, there was some spread in the individual k, values. This may be due to the
fact that in the second part of the study, the observers were confronted with their own
manual corrections, which were sometimes different for the different observers. Further-
more, although the x? test for trend—applied to either the average results or the results
of the individual observers—indicated a statistically significant difference (p < 0.05) in
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image quality after application of the automatic correction technique and manual pixel
shifting, the outcome of an ordinary x? test would have been somewhat less persuasive:
for two of the observers, this test would have given p < 0.1 for the null hypothesis to
be true. However, the x? test for trend is more appropriate, since we are dealing with
ordered categories.

As clearly illustrated by the examples in Figures 2 and 3, manual pixel shifting often
results in improved image quality in and near the diagnostically relevant parts of an
image, but may sometimes result in deterioration of artifacts in other parts. This is a
direct consequence of the fact that with this technique, patient motion as projected in
the imaging plane is assumed to be uniform translational. One may argue that this is
not really a problem in practice as long as artifacts can be reduced in the diagnostically
relevant parts of the image, and that it is therefore sufficient to use manual pixel shifting
rather than a more sophisticated automatic correction technique. However, even if there
would be no difference in performance from the point of view of image quality, it would
still be advantageous to use the automatic technique evaluated in this paper, since it is
considerably less time consuming.

The fact that the automatic registration technique performed statistically significantly
better than manual pixel shifting does not imply that in practice the former technique
will always be better than the latter. The average results from the explicit comparison of
the two techniques (Table 3) indicated that in 5% of all cases, the corrected DSA image
resulting from manual pixel shifting was found to be better than the corresponding auto-
matically corrected DSA image. We observed that in these cases the automatic technique
did not introduce new artifacts, but it was unable to reduce some of the artifacts at the
borders of the images. This may be caused by the lack of image content in those regions,
which reduces the possibilities for any template matching procedure to find the correct
local displacement vectors.

In most reports on reduction of motion artifacts in DSA images, the evaluation of
newly developed techniques involved only one or at most a few clinical DSA images, or
phantoms, and the quality of the resulting corrected images was assessed by the same per-
sons that developed the algorithm. To the best of our knowledge, the only more elaborate
and objective evaluation studies are the ones by Takahashi et al. [8] and Hayashi et al. [4].
In the former study, three techniques were evaluated: manual remasking, manual pixel
shifting, and an automatic registration technique. It was concluded that remasking was
most effective. It was also found that, after having applied remasking, remaining artifacts
were reduced equally well by manual pixel shifting and their automatic registration tech-
nique. In the study of Hayashi et al. [4], the authors compared the performance of two
techniques: manual pixel shifting and an automatic registration technique developed by
some of the co-authors of that study. In 14 out of 16 cerebral DSA image series, the images
resulting from the automatic registration technique were found to have better quality. In
the other two cases, the techniques were found to perform comparably.

Due to the lack of detailed information provided by the authors of these papers, it
is difficult to explicitly compare their findings to ours. We note, however, that the au-
tomatic registration technique evaluated in our study is based on approaches which have
been shown to yield faster and more accurate registrations compared to their techniques
(see Meijering et al. [6,7] for more technical details). Hayashi et al. [4] reported that their
algorithm required about eight minutes of computation time. In contrast, the algorithm
evaluated in our study requires on average only about 1 sec. per DSA image, which cer-
tainly makes it more suitable for use in clinical practice. Furthermore, owing to the use
of better similarity measures in the template matching procedure, the images processed
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by our algorithm are either comparably to, better than, or even much better than those
resulting from manual pixel shifting in 95% of all cases.

Finally, we mention the fact that our study involved only images that were already
considered clinically useful. Frequently it occurs that, during acquisition, the patient’s
movements are too severe to result in diagnostically useful DSA images, even when using
pixel shifting afterwards, and in such cases the run is repeated. In some cases, the auto-
matic registration technique might help avoid a second DSA run. On-line availability of
the automatically corrected DSA images would offer the radiologist the possibility to check
directly whether a new run must be acquired, thereby avoiding the need to go back to the
console to check it manually by means of pixel shifting. We also note that in our study,
we were only interested in overall image quality improvement, without relation to specific
diagnostic tasks, such as the grading of stenoses or the detection of small aneurysms. It
may be that the automatic registration technique also implies an improvement in that
respect compared to manual pixel shifting. Confirmation of these claims is the goal of
future studies.
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