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Abstract In image registration it is vital to perform matching of those
points in a pair of images which actually match each other, and to post-
pone those which do not match. It is not always known in advance, how-
ever, which points have their counterparts, and where are they located.
To overcome this, we propose to use the Hausdorff distance function mod-
ified by using a voting scheme as a fitting quality function. This known
function performs very well in guiding the matching process and sup-
ports stable matches even for low quality data. It also makes it possible
to speed up the algorithms in various ways. An application to accuracy
assessment of oncological radiotherapy is presented. Low contrast of im-
ages used to perform this task makes this application a challenging test.
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1 Introduction

The availability of numerous imaging modalities makes it possible to visualise
in a single image the phenomena available in different modalities, if the images
coming from them are precisely overlaid on one another, or registered. The choice
of landmarks in the images to be used as nodes for registration seems to be the
most fundamental task. Contents of the two registered images can differ in such
a way that it is difficult to state which particular pixel in one image should be
matched with which one in the second image.

Quality assessment of the teleradiotherapy of cancer is an important appli-
cation which has all the features of a very challenging image registration task.
In an ideal treatment, the positions of the irradiation field and the shields with
respect to the anatomical structures of the patient conform to the planned ones
and are constant in all the radiotherapy sessions. A change of the applied dose
by one per cent can lead to a change in time to local recurrence of the disease
by as much as several percents [1]. Imprecise realisation of the geometry can
imply the loss of chance for permanent remission of the disease or to severe
post-irradiation effects.
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To assess the accuracy of the treatment of cancer it is necessary to com-
pare the planned geometry with the actual location of the irradiation field and
anatomical structures. The actual geometry in a specified therapeutical session
can be recorded in the portal image. The planned geometry is recorded in the
simulation image, routinely made during therapy planning. The simulation im-
age should be registered with each of the portal images made. The simulation
image is an X-ray of high quality (see Fig. 1la for an example). The portal image
is produced by the therapeutical beam of the ionising radiation, and is inherently
of low contrast due to that different tissues, like bones and muscles, attenuate
the radiation very similarly (Fig. 1b).

The literature on image registration in the context of radiotherapy refers to
the portal images made with beams generated in accelerators rather than with
the cobalt apparata. In Poland more than a half of patients are treated with
cobalt, which produces the portal images of even worse quality. In any case,
the features to be compared are difficult to find in the portal images, and the
problem of missing and spurious features arises. In consequence, the comparison
of geometries in these images is difficult and time-consuming.

Although full automation of the method has been attempted, as for example
in [9,10,11,12], the majority of algorithms lack generality. In [9] the rectilinearity
of edges of the irradiation field is used. In [12] the mutual rotation of images
is not taken into account. Satisfactory results were received only in the case of
pelvis [10], where edges of thick bones are clearly visible. In other localisations
the registration of the simulation and portal images is generally a difficult task,
even for humans, due to lack of clear natural landmarks. Algorithms in which
landmarks to be matched should be shown manually are also in use [5,6]. Apart
from the case of the portal films, the image registration literature is extremely
broad. The surveys can be found in [4,13,19].

In the literature, the main effort seems to go to the proper choice of land-
marks. The approach proposed here resolves this by applying the partial Haus-
dorff distance [14,18] as the registration accuracy measure. This measure re-
moves the necessity of finding the corresponding landmarks. All that is needed
is to specify the sets of pixels to be matched in both images. Moreover, it is
allowed for these sets to contain incomplete and partly erroneous data. Such an
approach makes it easier to build an image registration system with more adap-
tivity than systems using strict correspondence. In the method proposed here, it
is not necessary for the software to exhibit a deep understanding of the contents
of the images, like the ability to recognise any specific anatomical details. Hence,
the complexity of the system is not excessively large.

In the present clinical practice the assessment of the accuracy of radiotherapy
is done manually by an experienced observer. As a rule, this tedious procedure is
not performed routinely. There is a need to support and objectify this process.
The methodology presented below is general and requires little user interven-
tion. However, full control of the physician over the process will be maintained,
according to the requirement of a human decision in the therapeutical process.
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At the time of preparation of the paper the studies were at the stage of
stabilisation of the algorithms and the first series of experiments. The method-
ology will be thoroughly tested, first in laboratory tests, with phantoms used
in radiological practice, then in clinical tests in the Holycross Cancer Centre in
Kielce.

2 The method

The following description of the proposed method will be structured according
to the classification used in [4]. The practical information, like the hints on the
values of parameters, will be given in Chapt. 4.

2.1 Features to be matched

Edges can be considered as the most natural and easily detectable features to be
used as landmarks for matching. Edges, classically understood as loci of largest
brightness gradient, can be very efficiently found with the zero-second-derivative
filter. The location is the pixel where the second derivative along the gradient
direction changes its sign, and the intensity is the gradient modulus. This typical
filter was modified by scaling up its masks and convolving them with a circular-
symmetrical Gaussian, with the deviation chosen such that the 3¢ circles are
tangent to each other. The scale should be chosen suitably to the level of noise
in the images and the scale of the edges sought.

The resulting edges are one-pixel wide. The thresholding was complemented
with an edge-following algorithm which lets the thresholded edges prolong to
their neighbouring nonzero pixels from the non-thresholded image, with the abil-
ity to jump over gaps up to two pixels wide, along the direction close to that
of the preceding edge fragment. The threshold is selected manually. There is
a possibility of manually selecting the most relevant parts of edges of the chosen
structures — anatomical structures or irradiation field. In the portal image, the
edges of the anatomical structures are more easily found if the image is enhanced
with a typical histogram equalisation procedure (see Fig. 1b, d).

2.2 Transformation space

Affine transformation is used. This resolves to five parameters. According to
the day-to-day radiological experience, this mathematically simple transform is
enough for the application. An iterative algorithm described below is used to
find the optimum transformation. Throughout the iteration process the current
transformation is always calculated starting from the original image, which re-
duces the geometrical distortions of the images to a negligible level.

2.3 Measure of the registration accuracy

For the sake of robustness of the whole registration process, the partial Hausdorff
distance measure was used. This measure was proposed in [14,18], and then
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used in various applications, including those closely related to image registration
(e.g. [7,16]). This unsymmetrical measure of similarity of two sets of points has
an intrinsic property of neglecting the outliers without biasing the result. Let B
be the base set and O the overlaid set, and let d(o,b) be the Euclidean distance
between points o € O and b € B. The partial Hausdorff distance is

H"(0,B) =Qco %11131 d(o,b) , (1)

where Q7 xg(x) is the quantile of rank r of g(x) over the set X, r € (0,1). In
the considered application, B and O are the discrete sets of edge pixels in the
simulation and the portal image. Let us explain the notion of the quantile for
this discrete case in th following way. Note that for each pixel of the overlaid set
0 € O we have one measurement of distance; let us call it m (o) = minye g d(o, b).
We can sort these measurements for all the set O in an ascending order. Now, the
quantile of rank r can be defined as the s-th smallest element m(0), 0 € O, where
s =1r/|0|, and |O] is the power of the set O — the number of measurements.

For example, setting r to 0.60 in Eq. (1) can be understood as follows: “see
what is the maximum distance for which 60% of the points in the overlaid set
vote”. Hence, the partial Hausdorff distance can be considered as a kind of
a voting scheme, in which the outliers are rejected and the inliers are taken into
account in a natural way.

A formal definition of the quantile for the discrete case is as follows. Let v
be a discrete random variable with the probability density P(v). Then,

Quv=q:Pv<qg)>r ANPv>qg>1-r. (2)

Here, v = m(0). In the calculations, the density P(v) is replaced by the fre-
quency F(v) = F[m(0)],0 € O, which is represented by a histogram. Finding
the histogram is more effective than sorting. Moreover, the minimum distance
of a given pixel o € O can be directly read out from the pre-calculated distance
transform of the edge image B ([2,8,17], see e.g. [7,15] for similar applications).

2.4 Strategy of search in the space of transformations

At present we apply a maximum gradient optimisation, starting from a rea-
sonable initial state, provided manually by the user by “dropping” the overlaid
image onto the base one. In spite of the obvious drawback of possibly falling into
local minima, this simple method performs sufficiently well. The algorithm starts
with the quantile rank r = 1.0. Together with the application of the distance
transform, this resembles the chamfer matching technique [3], applied in [7], but
the similarity ends here. After a minimum is reached, the rank is reduced by
a small value (say, 0.01), and the algorithm goes on, until the rank reaches zero
or the distance becomes zero. This procedure exhibits some analogy to simulated
annealing, with the quantile rank related to temperature.

As the quantile rank r is reduced in the optimisation algorithm, the register-
ing transformation stabilises and the result tends to an optimum. However, when
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the rank approaches zero, the number of edge pixels considered in the matching
is going down, which can degrade the result. The approach we chose to find
the optimum is as follows. During iterations, a series of registration versions is
received, each of them easy to store in a form of the transformation matrix. The
set of results for the last iterations of the optimisation process is presented to
the user, and this is the user who chooses the best one. This eliminates the un-
reasonable results and also has a very important virtue: the final choice is made
by the user. This is in line with the requirement of letting the most important
decision be made by the clinician, not the software.

3 Example

Let us now present a practical example of calculations performed for a pair of
images of the pelvis, shown in Fig. 1, both 500 x 500 pixels large.

The simulation image of Fig. 1la is a relevant fragment of the therapy simu-
lation image, and the portal image b shows the irradiation field and some of the
anatomical details inside it. Figs. ¢ and d show the respective edge images, both
received with the scale 4. This corresponds to 30 = 4 pixels, and the filter mask
of 9 x 9 pixels. The edge images were thresholded. For registration, the edges
of the anatomical structures (bones) considered as relevant were selected by the
user. In Fig. f there is the result of registration which started from the initial
state of Fig. e, with the reference image taken as the base one, and the portal
image as the overlaid one (see Eq. (1)). Note that both images contain the edge
fragments having no counterpart in the other image, which did not influence the
quality of the result.

The result of the 174th iteration of 177 was chosen as the best one, with the
distance measure 2.00 and the rank r = 0.54. The final 177th iteration gave zero
distance at r = 0.20 after about 50 s, on an 800 MHz Pentium III processor.

4 Practical hints

The following practical hints can be formulated on the basis of the experience
with the described method gathered until now.

Roles of images In general, not always the more accurate simulation image
should be used as the base one, in the meaning of Eq. (1). As the base image the
one having a larger number of edge pixels presumably having the counterparts,
in reference to all its edge pixels, should be taken.

Scale and thresholds of the edge detector The scale should be chosen
suitably to the scale of the edges sought. For the structures in the simulation
image and the shields in the portal image the scales can be small (2-3). For the
edges of bones in the portal image, scale should be larger (cf. [9]). Obviously,
larger scale means less noise and fewer details.

The thresholds should be chosen to receive a maximum subjective ratio of
visibility of important edges with respect to irrelevant ones, to reduce further
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Figure 1. Example of results for the case of pelvis. a, b: source images — simulation
and portal, respectively (portal image enhanced by histogram equalisation). ¢, d: edges
after thresholding, overlaid on source images (portal image Gaussian filtered). e, f: input
and result of registration of the relevant fragments of edges of anatomical structures
manually selected from those of ¢ and d. Base, portal image: blue; overlaid, simulation
image: green — matched pixels (inliers), red — pixels rejected from matching (outliers).
Contrast enhanced and edges thickened for better visualisation.
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manual editing of the edge images. High thresholds are used to find the edges of
the irradiation field, which is very clear in the portal image. In the simulation
image the edges of the irradiation field is represented by wires, also clearly seen
(see Fig. 1a). For anatomical structures lower thresholds are used.

For a given anatomical localisation and constant imaging parameters, the
scales and thresholds found will be valid for large series of images.

5 Further developments

Some of the above hints and the hitherto experiments with the method lead to
the concepts which will be considered for use in the further work.

Directional information on edges This will be utilised in the distance func-
tion to improve the reliability of matches. It seems that this enhancement will
be necessary in the case of more complex images like those for the head, neck or
breast, but only if the portal images are of sufficiently good quality.

Pre-calculated distance maps for virtual elementary transformations
Assuming the centre of rotation and scaling is fixed with respect to the base im-
age, from such maps the maximum distances for pixels of transformed images can
be read, without performing the transformations. This is profitable if a number
of steps made is enough to compensate for the difference in time of calculating
a transformed image, which is quick, and pre-calculating a distance map, which
is slower. The described speed-up was already implemented and tested, but the
above mentioned assumption is not always true. Further investigation of the
applicability of this concept is necessary.

Hierarchical algorithm This speed-up and the pre-calculation of the distance
maps for virtual transformations, proposed above, will be used only if calculation
time with a processor available when the final version of the software is delivered
is excessively long.

6 Conclusion

The image registration algorithm using edges as landmarks and the modified
Hausdorff distance as the measure of the registration accuracy performs reason-
ably well in the application to the quality assessment of the teleradiotherapy
of cancer. Required user intervention is reduced to a necessary minimum. The
present experience and the concepts worked out in the hitherto experiments
make it possible to develop a software tool to support and objectify the other-
wise difficult and tedious process of precisely comparing the location of anatom-
ical structures and irradiation field during the radiotherapy sessions with the
planned geometry. The software tool emerging as the method matures will be
tested first with images received from human-like phantoms, and later in clinical
practice. Detailed information on the accuracy of the method will be available
then.
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