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Abstract

Measuring motion in medical imagery becomes more and more important, in particular for
object tracking, image registration, and local displacement measurements. Often, the require-
ments on the measurement precision are high compared to the image quality. Especially in
megavoltage X-ray images (portal images), which are used to control the position of patients
in high precision radiotherapy, render low contrast, blur, and noise accurate measurements
difficult.

In this work we review the framework of a generic matching algorithm only based on the
image signal and not on binary image features. Thus, the often unreliable step of feature
extraction in such imagery is circumvented. Another major advantage is the possibility of
self-diagnosis, which is used for restricting the transformation in motion measurements if the
image quality is not sufficient.

The matching leads to an estimate of parts of the rigid 3D motion of the patient during
radiotherapy, based on the measurements in the projected 2D portal images. The method of
digitally reconstructed radiographs (DRR) allow for the computation of error free reference
images, avoiding the additional step of therapy simulation. The multi-modal match between
such DRRs and portal images lead to an estimate of the patient position during radiotherapy
treatment. Results of generated data with known ground truth as well as results of a multi-
modal match are presented.
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1 Introduction

Accurate motion measurements in images are essential to solve numerous problems in computer
vision. For medical imagery in particular, precise position measurements and registration of
image series represent two important applications. Wherever feature extraction is difficult or
high precision is required, the least squares template matching algorithm (LSM) reviewed in this
paper has many advantages over other methods. LSM is a generic matching algorithm suitable
for many applications including motion estimation in low-contrast megavoltage X-ray images,
also called portal images.

The specific goal in this work is the exact positioning of patients during radiotherapy, which
is essential for high precision treatment. This involves automatically measuring patient setup
deviation between or even during treatment sessions. One possible sensor is an electronic portal
imaging device (EPID), which delivers images of the exit dose distribution during treatment.
Unfortunately, the contrast of these megavoltage X-ray images is very low due to the high
energy beam, and, since we are dealing with projected images, parts of a rigid 3D motion must
be estimated by evaluating projected 2D images. Thus, the quantitative processing of portal
images is a very challenging task.

In [Berger and Danuser 1997] we propose the area-based LSM algorithm to find displacements
between two portal images, yielding a fast and accurate image matching procedure. Extending
this approach, we further exploit the self-diagnosis capabilities. The variation of image quality
of portal images inhibits the estimation of a 2D affine transformation for all cases. An adaptive
scheme based on self-diagnostic measures allows for an automatic reduction of the parameter
set where the full parameter set is not determinable. Furthermore we include the multi-modal
matching of portal images against digitally reconstructed radiographs computed from the CT
volume data.

1.1 Previous work on portal images

Several methods for portal images matching have been proposed but most are lacking either the
robustness or the accuracy necessary to be reliably used in daily hospital routine. Furthermore,
they often require too much user interaction. Algorithms like point-to-point (or landmark)
matching greatly depend on the exact localization of the landmarks by the physician. This is
not only time-consuming, but also varies for different operators. Less user interaction is required
by the chamfer matching algorithm where significant ridges are manually outlined in a reference
image and matched onto the detected features of the treatment image [Gilhuijs and van Herk
1993]. A similar approach in the sense that it also uses binary features, namely cores, is described
in [Fritsch et al. 1995], where also a quite complete review about published algorithms for portal
imaging can be found.

Since portal images are inherently noisy and low in contrast, it is difficult to robustly detect
features like edges, ridges or cores. Therefore, an area-based match is superior to a feature-based
algorithm. Greyvalue correlation techniques are described in [Dong and Boyer 1996, Moseley
and Munro 1994, Radcliffe et al. 1994]. Their limitations lie in the restriction to a translation
or in a coarse search grid for computational reasons.

1.2 Previous work on least squares template matching

The method of least squares template matching (LSM) with deformable templates meets the
requirements of being an area-based approach with rigorous error propagation, self-diagnosis
and thus, minimized user interaction. Early work in this field was presented by [Lucas and
Kanade 1981], who published an iterative image registration scheme base on LSM. Among the
first papers that discussed the concept of exploiting the full information of the statistical models
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for robust template matching are [Griin 1985] and [Forstner 1987]. [Bergen et al. 1992] describe
basically the same algorithm for motion estimation. It was further developed using a multi-scale
approach by [Lindeberg 1995].

Following and extending the original work of Griin, [Danuser and Mazza 1996] achieved highly
accurate results at the resolution limit of a light microscope. The high accuracy of this technique
even in the case of low-contrast imagery is extensively exploited in [Danuser 1996]. The paper
reports of high accuracy positional measurements of a calibration grid used to calibrate a stereo
light microscope. Compared to their application, additional problems arise in portal images from
the higher complexity of the image scene and the out-of-plane rotations. On the other hand, the
requirements on accuracy are not as high in portal imaging.

A similar technique for the registration of medical image series is reported by [Unser et al.
1995], where each image is matched to the reference image based on a global greyvalue difference
measure. In contrast to their work, our framework does not rely on one global template, but
on several small templates each containing a significant image structure. Thus, the inclusion of
distinct but insignificant image features which vary between the data of one sequence is avoided
and the impact of global greyvalue errors such as bias fields is reduced.

2 Least squares template matching

LSM is an area-based matching algorithm. It replaces the conventional multi-stage approach
where feature detection is followed by thresholding, binarization and a discrete search. Thus,
LSM does not depend on the extraction of binary (also called non-iconic) image features. This is a
very important advantage in low-contrast and blurred imagery, where feature detection is mostly
unreliable. Furthermore, unlike in most correlation methods, the optimum transformation is not
searched by testing all possible cases, but approached using an optimization scheme. Assuming
that a fair initial guess can be supplied, this is not only faster but also more accurate.

The image signal of a template is fitted into the search image, minimizing the least squares
error between the greyvalues of the two regions. The fitting procedure has to account for both
radiometric and geometric transformations. In order to avoid ambiguities, these two transfor-
mations have to be estimated separately. This is achieved by estimating the parameters for the
radiometric transformation based on a global measure within the template region before each
iteration. Thus, they are not directly included in the actual least squares optimization.

The following sections give a short review over the mathematical framework of LSM. Further
information can be found in [Berger 1998, Berger and Danuser 1997].

2.1 Unconstrained LSM

The LSM includes two observations, the template image f[.] and the search image g[.], called
patch. The geometric relation between the original template and the matched area is defined by
an arbitrary transformation. Depending on the type of the chosen transformation, this allows
for displacement, rotation and/or deformation of the template. In addition to the geometric
transformation, the observations must be adjusted radiometrically. The simultaneous estimation
of both types of transformations would lead to an overdetermined system, since it is not possible
to distinguish them locally (cf. figure 1). In order to overcome this problem, the parameters
of the radiometric transformation are estimated based on a global measure within the template
region apart from the actual least squares optimization. The resulting radiometrically adjusted
patch g[.] is then used for the next optimization step. We use a linear transformation which can
be written as glu]=a + ( g[u], where u stands for the discrete image coordinates.

The general geometric transformation is denoted by & = (£, u), transforming the image
coordinates u to the parameter vector €. Applying the least squares framework, this leads to
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Figure 1: The ambiguity between radiometric and geometric transformation. Local operators
cannot distinguish between the two types of transformations, hence a simultaneous estimation
leads to an ill-conditioned system.

the observation equation
flu] +elu] = g(z) . (1)

Equation (1) represents a relation between each greyvalue within the template and its cor-
responding image intensity in the search image. Notice that square brackets denote functions
defined on a discrete grid. The functions g(.) and g(.) simply represent the continuous versions
of g[.] and g[.], respectively. Hence, the template greyvalues f[u] are defined on the grid of the
reference image while g(z) = g(¢ (€, u)) fall between the grid of the search image. Interpolating
the greyvalues g(¢(&,u)) for a given & we substitute

Gelu] = g((& u)) -

Based on a coordinate list u[k], equation (1) is reordered into a vector notation

f+e=g, (2)

building a series of n equations, where n is the number of pixels included in the template.
Together with the least squares objective function eTPe, with P as optional weight matrix, this
defines an unconstrained nonlinear least squares (NLS) problem.

We choose a Newton-Raphson scheme as optimization algorithm, linearizing the observation
equation (1) around the current estimate £€° or z° = ¥ (£€° u), respectively:

flu] +efu] = §(=°) + Ve g(=°) AL (3)
f+e = §+A At, (4)

where A is the Jacobian matrix with respect to the parameter vector €. A is a n X r matrix with
r being the number of parameters. If we neglect the stochastic nature of the Jacobian matrix,
this linear problem corresponds to a Gauss-Markov model with full rank. Note that only under
this assumption, the observations are separated from the parameters. Problem (4) is then solved
analytically setting the first derivative of the least squares goal function eTPe to zero, which
yields the normal equation system

ATPA- A¢ ~A™P (§° - f) ()
N-At = —ATPw. (6)
Notice that if P is a diagonal or a band-diagonal matrix, the matrix A doesn’t have to be

computed and stored as a whole. The weight matrix P is diagonal if and only if the observations
are independent of each other. In the case of LSM, this assumption usually holds' and it is

!Strictly, the assumption is fulfilled only for the original observations f and g, and not for the transformed
and interpolated patch §. But the influence of neglecting this becomes only significant for very high precision
measurements.



