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Description
BACKGROUND OF THE INVENTION

[0001] The present invention relates to image processing systems and methods and, more particularly, to image
registration systems that combine two or more images into a composite image. The present invention finds particular
application in the field of medical imaging, however, it will be appreciated that the present invention is also applicable
to other types of imaging systems wherein multiple images are correlated and combined into a composite image.
[0002] The term "image," as used herein, refers to a three-dimensional (3D) or volumetric image, unless otherwise
indicated. The acquisition of volume images via a variety of imaging modalities is well known in the medical field. Such
modalities include, for example, magnetic resonance imaging (MRI) techniques, x-ray computed tomography (CT),
nuclear imaging techniques such as positron emission tomography (PET) and single photon emission computed tom-
ography (SPECT), ultrasound, and so forth. Volume images so acquired are typically stored digitally, e.g., in a computer
memory, as arrays of voxel values. Each voxel is associated with a location in 3D space (e.g., X, y, and z coordinates),
and is assigned a color value, typically a gray scale intensity value.

[0003] Image fusion, or the combination of multiple associated images to form a composite image integrating the data
therefrom, is often desirable in a clinical setting. In many cases, combined images might provide insights to the diag-
nostician that could not be obtained by viewing the images separately. Multi-modality image fusion is often useful since
different imaging modalities provide information that tends to be complimentary in nature. For example, computed
tomography (CT) and magnetic resonance (MR) imaging primarily provide anatomic or structural information while single
photon emission computed tomography (SPECT) and positron emission tomography (PET) provide functional and met-
abolic information. The combination of a functional or metabolic image with a structural or anatomical image aids in
localizing the functional image, thus improving diagnostic accuracy. For example, in the area of oncology, precise
positioning of localization of functional images enables a clinician to assess lesion progression and/or treatment effec-
tiveness. Also, such diagnostic studies are used in surgical and/or radiotherapeutic planning, where precise positioning
is necessary to minimize the effect on healthy cells surrounding the target cells. It is also desirable at times to combine
images from the same modality. For example, it may be desirable to combine the results of multiple MR scans, such as
an MR angiograph, a contrast-enhanced MR image, or a functional MRI (fMRI) image, with another MR image, such as
an anatomical MR image.

[0004] Conference Paper by Frederik Maes et al., "Multimodality Image Registration by Maximization of Mutual Infor-
mation", IEEE Transaction on Medical Imaging, IEEE Inc. New York, US, vol. 16, no. 2, 1 April 1997, pages 187-198
describes a method for registration of three-dimensional medical images acquired by different imaging modalities, which
registration method is based on the maximization of the mutual information or relative entropy between corresponding
regions in both images which are to be registered.

[0005] Forthe meaningfulintegration of data from multiple images, itis important that the images be properly registered.
Image registration involves bringing the images into spatial alignment such that they are unambiguously linked together.
A number of image registration techniques are known in the art.

[0006] One image registration technique requires that an individual with expertise in the structure of the object repre-
sented in the images label a set of landmarks in each of the images that are to be registered. The two images are then
registered by relying on a known relationship among the landmarks in the two images. One limitation of this approach
to image registration is that the registration accuracy depends on the number and location of landmarks selected.
Selecting too few landmarks may result in an inaccurate registration. Selecting too many landmarks does not necessarily
guarantee accurate registration, but it does increase the computational complexity of registration. Also, the manual
operations required are time consuming. Furthermore, itis not always possible to identify appropriate structural landmarks
in all images.

[0007] Recently, two different imaging modalities have been combined in a single imaging device. This integrated
hardware approach to image registration is a less than optimal solution to the problem of image registration due to cost
and logistical reasons. In many cases, hardware registration is impractical or impossible and one must rely on software-
based registration techniques. For example, such a hardware approach is not applicable to the registration of images
acquired at different times or from different subjects, e.g., when monitoring treatment effectiveness over time, or for
applications involving inter-subject- or atlas comparisons. Software registration would also be necessary in some cases,
even if a hardware-based approach to registration is used. For example, software registration would be needed for the
correction of motion that occurs between sequential scans taken on the same machine, such as transmission and
emission scans in PET and SPECT, and for the positioning of patients with respect to previously determined treatment
plans.

[0008] In recent years, full volume-based registration algorithms have become popular since they do not rely on data
reduction, require no segmentation, and involve little or no user interaction. More importantly, they can be fully automated
and provide quantitative assessment of registration results. Entropy-based algorithms, the mutual information approach
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in particular, are among the most prominent of the full volume-based registration algorithms. Most of these algorithms
optimize some objective function that relates the image data from two modalities. These entropy or mutual information
techniques are bounded in one direction, but unbounded in the other. For example, mutual information has a lower
bound of 0, but the upper bound is implementation dependent, e.g., the number of bins. Likewise, entropy has a lower
bound 0 and the upper bound is also implementation dependent. As a result, the degree to which the images are
successfully registered is difficult to understand.

[0009] Accordingly, the present invention contemplates a new and improved image processing system and method
which overcome the above-referenced problems and others.

SUMMARY OF THE INVENTION

[0010] In accordance with a first aspect, the present invention provides a method for registering first and second
volumetric images comprising three-dimensional arrays of gray scale voxel values. Mutation probabilities are defined
for a plurality of aligned pairs of voxel values comprising a voxel value from the first image and a spatially corresponding
voxel value from the second image. The mutation probabilities can be obtained from previous statistics on registered
images or calculated purely from the current data set. Each mutation probability is related to the likelihood that a voxel
value in one image corresponds to a spatially corresponding voxel value in the other image and is based on a selected
geometric relationship of the images. A first transform defining a geometric relationship of the second image relative to
the first image is selected and a measure of the likelihood for a predetermined set of aligned voxel pairs using the
mutation probabilities is calculated, the measure of the likelihood being an indicium of the probability of obtaining the
first image given the second image and the probability of obtaining the second image given the first image. A different
transform defining a geometric relationship of the second image relative to the first image is selected and the process
is repeated in iterative fashion until an optimal transform providing an optimal measure of the likelihood is calculated.
[0011] In accordance with another aspect of the present invention, an image processing system for registering first
and second volumetric images includes a registration processor and associated memory for storing a plurality of volu-
metric image representations to be registered, a memory coupled to the registration processor for storing parameters
representative of the optimal transform, and a display system for forming a composite image representation of the first
and second images. Specifically, the registration processor defines, based on a selected geometric relationship of the
images, mutation probabilities for a plurality of aligned pairs of voxel values, each pair comprising a voxel value from
the first image and a spatially corresponding voxel value from the second image. The mutation probabilities are related
to the likelihood that a voxel value in the first image corresponds to a spatially corresponding voxel value in the second
image. The registration processor also selects a first transform defining a geometric relationship of the second image
relative to the first image and calculates a measure of the likelihood for a predetermined set of aligned voxel pairs using
the mutation probabilities, the measure of the likelihood being an indicium of the probability of obtaining probability of
obtaining the firstimage given the second image and vice versa. The registration processor selects a different transform
and iteratively repeats the process until an optimal transform providing an optimal measure of the likelihood is calculated.
[0012] One advantage of the present invention is that it does not use data reduction and requires no segmentation or
user interactions.

[0013] One advantage of the present invention is that it provides a registration method based on a probability inter-
pretation that is easy to understand.

[0014] Another advantage of the present invention is that the registration is symmetric, i.e., rather than registering a
first image to a second image, or vice versa, the two images are registered to each other.

[0015] Another advantage of the invention is that it can also easily incorporate segmentation whereby the probabilistic
relation can be estimated using a subset of the volume data, the subset bering based on, forexample, spatial segmentation
of the volume or on voxel-value based segmentation. By emphasizing the importance of a subset of the volume, one
would expect a better registration result in some cases. This flexibility is typically not available in prior art full volume-
based methods.

[0016] Still further advantages and benefits of the present invention will become apparent to those of ordinary skill in
the art upon reading and understanding the following detailed description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] The invention may take form in various components and arrangements of components, and in various steps
and arrangements of steps. The drawings are only for purposes of illustrating preferred embodiments and are not to be

construed as limiting the invention.

FIGURE 1 is a block diagram of an image capture and processing system according to the present invention.
FIGURE 2 is a block diagram illustrating the various modules of a software implementation of a volume image
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registration program according to the present invention.
FIGURE 3 is a flow chart of an image registration process according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0018] Generally, the voxel values in two registered images are probability related, regardless of whether they are
from the same modality or are from different modalities. This probabilitic relation can be obtained based on previous
experimental observation, or can be estimated solely on the volume datain a self-consistent way. Based on this probabilitic
relation, given one volumetricimage, the likelihood of having the’other volumetricimage is computed. When this likelihood
has its maximal value, the two images are considered to be registered. When two volumes are in registration, the
normalized maximal likelihood has a probability interpretation that is far less abstract than the prior art mutual information
or entropy methods. The calculated likelihood has a lower bound of zero and an upper bound of one.

[0019] With reference to FIGURE 1, an image processing system 100 according to the present invention includes a
first image source 110 and a second image source 112 for acquiring and/or storing volumetric image data. The first and
second image sources 110 and 112 are preferably medical diagnostic imaging scanners, such as MR scanners, x-ray
CT scanners, nuclear cameras (e.g., PET and/or SPECT scanners), ultrasound scanners, and so the like. The first and
second image sources 110 and 112 may be of the same or different imaging modality, and may be obtained from different
scanning hardware or from the same hardware. For example, the first and second image sources 110 and 112 can be
a single apparatus including plural imaging modes. Also, the first and second image sources 110 and 112 can be a
single apparatus wherein plural images are acquired at different times.

[0020] In certain embodiments, both the first and second image sources 110 and 112 include sensors, data acquisition
circuitry, and image reconstruction circuitry as appropriate for generating the images to be registered, as is well known
to those skilled in the art pertaining to diagnostic imaging. However, in other contemplated embodiments, one or both
of the image sources 110 and 112 may be a previously acquired image, for example, an image representation that has
been saved in an electronic memory or computer readable storage medium, such as computer memory, random access
memory (RAM), disk storage, tape storage, or other magnetic or optical medium, at a storage location on a computer
network, or the like. Thus, although the image processing system of the present invention may be interfaced directly to
the scanning hardware that acquired one or both of the images to be registered, it is not necessary that it is so.

[0021] The image processing system 100 further includes an image memory 120 for storing image data from the
image sources 110 and 112. A registration processor 130 reads the two volume images from the image memory 120
and registers the images using a likelihood maximization algorithm to produce a registration transformation matrix relating
the two images.

[0022] Briefly, "likelihood" as used herein refers to a probability relation, namely, the probability that given image f,
one has image g and given image g, one has image f. This likelihood can be calculated for a plurality of registration or
transformation parameters and iteratively optimized to determine registration parameters providing the maximum like-
lihood. Conventional optimization techniques are used, including, for example, those described by Press et al., Numerical
Recipes in C: The Art of Scientific Computing, (2nd ed.), Cambridge: Cambridge Univ. Press, 1999, Chapter 10. The
optimized registration transformation matrix is stored in a memory 150.

[0023] In certain embodiments, a knowledge based implementation is used, wherein an optional memory 140 is
provided for storage of mutation probabilities between the voxel pairs for the images involved. The mutation probability
statistics are based on previous experience, e.g., a prior registration of the two images, and are used for calculating the
likelihood. One can change the relative orientation and position of the two images, and based on the voxel pairs, compute
the likelihood. By iterative optimization of the likelihood, e.g., using the conventional optimization techniques, an optimal
registration for the two images is determined.

[0024] In other embodiments, a self-consistent implementation is used, wherein prior knowledge of the mutation
probabilities is not required. Under this approach, the current registration is used to estimate the mutation probability,
and this estimate is used to calculate the likelihood. One can change the relative orientation and position of the two
images, and based on the gray scale pairs, calculate a new estimate for the mutation probabilities and compute the
likelihood. By iterative optimization of the likelihood, again using the conventional optimization techniques, an optimal
registration can be determined.

[0025] Optionally, segmentation limitations, for example, as may be input by a user, are also provided. The segmen-
tation limits serve to limit the likelihood calculation to selected voxels. The voxels may be limited to, for example, one
or more subvolumes within the involved images, or voxels within a certain range of voxel intensity values. Segmentation
based on other voxel characteristics is contemplated as well.

[0026] The registration transformation matrix, so determined, is used by a display or video processor 160 to align the
two images read from the image memory 120 and display them on computer or other human-readable display 162 as
a composite image as prescribed by the registration transformation matrix. Standard data processing and programming
techniques are used to store images and associate matrices, as well as previous mutation probability statistics or
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segmentation limits, with the appropriate images, such as indexing, the use of pointers, and the like.

[0027] Asanalternative to orin addition to storing the transformation matrix, once the optimal registration is determined,
acomposite image formed from the two images can be stored. However, it is generally preferred to store the transformation
matrix. Also, one image can be reformatted in the space of another image based on the registration parameters and
then stored.

[0028] Image registration for purposes other than image fusion is also contemplated. For example, image registration
in accordance with this teaching may be performed for multiple partially overlapping images for the purpose of generating
a single larger volume image therefrom.

[0029] In certain embodiments, the registration processor 130 and the display processor 160 are implemented in
software on a conventional computer coupled to a conventional display.

[0030] Referring now to FIGURE 2, a module diagram of the registration processor 130 is illustrated. As shown in
FIGURE 1, the inputs to the registration processor 130 are the first and second images 110 and 112 to be registered.
In the case of the knowledge-based implementation, mutation probability statistics 140 are input. Also, segmentation
limits 142, if any, are input. The output of registration processor 130 is a set of registration parameters 150, i.e., the
elements of a transformation matrix which, when applied to one of the images, will transform that image relative to some
fixed coordinate system to bring the two images into alignment.

[0031] The registration processor 130 includes frame memories 132 and 134, a likelihood calculator 136 and an
optimization processor 138. The likelihood calculator 136 and optimization processor 138 can be modules of an integrated
processing system or, alternatively, can be distributed over multiple processors to obtain the benefits of parallel process-
ing. In operation, the registration processor 130 reads two images into the frame memories 132 and 134 and calculates
a likelihood value for the current registration. The optimization processor 138 then transforms the image in the frame
memory 134 and the likelihood is again calculated by the likelihood calculator 136. The likelihood calculation process
is detailed below in conjunction with FIGURE 3. The steps are iteratively repeated until the likelihood value calculated
by the likelihood calculator 136 is optimized. The transformation parameters are output to the memory 150, or displayed
to a user.

[0032] If segmentation limits are input, only the voxels of interest, e.g., voxels within one or more specified subvolumes,
and/or having a voxel value within a prespecified range of values, are used to calculate the likelihood, and voxels outside
the specified subvolume(s) or specified range limits are ignored.

[0033] FIGURE 3 illustrates an exemplary process 300 for combining two images. The process 300 may be imple-
mented in software as part of an integrated scanner/image processing system, or in a separate image processing system
implemented on a standalone computer such as a personal computer, work station, or other type of information handling
system. Although the process is described primarily in reference to combining two images, the process can readily be
adapted to combining more than two images, for example, by repeating the process in accordance with this teaching
serially until all of the images are registered.

[0034] Two images to be registered are initially acquired (steps 304 and 308). Again, the images may be of the same
or different modality. A value for the likelihood is then calculated as follows. Assume two images f(x, y, z) and g(x, y, 2)
with gray scales (uy, U, ..., U,) and (v4, v,, ..., V). The frequencies for these gray scales are (py, p, ..., p,) and (q4,
go, ..., Q). respectively. Then,

[0035] In a single modality case due to noise or changes in the imaged object itself, or in a multi-modality case due
to the intrinsic properties of the different modalities, a gray scale value u;in image fcan correspond to gray scale value
viinimage g,j=1, 2, ..., m. No concrete relationship is assumed between the voxel values in different modality images,
nor are any constraints imposed on the image content of the modalities involved. Rather, their relationship is described
on a purely statistical basis that could be knowledge-based or estimated solely from the involved data in a self-consistent
way.

[0036] Let the mutation probability for a voxel u; to v be wj. Then,

I
E wij=l.

=1
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Then, p and q are related by

qu PiWiy-
i=1
Also,
)3
q.=1
=1
holds.

[0037] Given the image fand the mutation probability wj;, the conditional likelihood that one has image g is

Leg=Il vy,

where the product can be calculated using the entire overlapping volume or a subset of this volume (utilizing only selected
(u;, v)) pairs or (u;, v)) pairs from selected regions/volumes. Since wj;< 1, this product can be very close to zero. To ease
the computation, its logarithmic value is preferably used instead. The logarithmic likelihood is

-
LL f_g—z logw, ;.

Note that the logarithmic likelihood has a maximum value under some condition if and only if the likelihood has a maximum
value under the same condition. The above-defined logarithmic likelihood depends on the number of gray value pairs.
To avoid this dependence, a normalized logarithmic likelihood is preferably used:

1

LLg o=

1
/A
LL g~ E : logwij,

where N is the number of gray value pairs. N is the total overlapping volume in number of voxels if all pairs in the
overlapping volume are used to calculate the log likelihood.

[0038] Considering the voxel mutation from g to f, one has LL . Adding these two pieces of logarithmic likelihood
together (i.e., multiplication of likelihood) gives

LL=LL, +LL__,.

[0039] To find an optimal image registration, an optimization algorithm that calculates the likelihood for a plurality of
orientations in iterative fashion is used to find a transformation that produces a maximum logarithmic likelihood as defined
above.

[0040] Itis worth noting that adding two pieces of logarithmic likelihood together makes the image registration symmetric
with respect to the two involved images, i.e., the order of the two images does not matter. Furthermore, adding the
logarithmic likelihood also increases the capture range of the objective function. If one piece has a local maximum value
at a particular position, and the other piece does not have a local maximum value at the same position, the optimization
process will not be trapped at that location.

[0041] If two volume images are registered, the normalized likelihood has a probability interpretation. The normalized
likelihood is the average chance that a voxel in the first image corresponds to the voxel in the second image and that a
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voxel in the second image corresponds to the voxel in the first image. Since the likelihood is in essence a probability,
its value is within the range from 0 to 1, and the upper bound for the logarithmic likelihood is 0. By looking at the optimized
likelihood, one has a quantitative estimate of the registration quality. If an image is registered to itself, the normalized
likelihood is 1. With this in mind, one would then expect that intra-modality registration would result in a higher (closer
to 1) normalized likelihood than in cases of inter-modality registration.

[0042] As discussed above, the likelihood calculation requires knowledge of the mutation probability w; for a voxel
value in one image to a voxel value in another image. This value can be derived in two ways. The first implementation
is knowledge-based, i.e., based on some previous knowledge of the mutation probabilities. The second implementation
is a self-consistent approach and does not require any previous knowledge. In step 312, it is determined if there exists
any prior knowledge of the mutation probability statistics for the involved images that is desired to be used for the
likelihood calculation. If prior knowledge does exist, the process proceeds to step 316 (knowledge-based approach). If
prior knowledge does not exist, the process proceeds to step 340 (self-consistent approach).

[0043] In step 316, based on previous experience, one may have the statistics on the mutation probabilities, or a
probability density function, between the gray scale pairs (u;, vj), i=1,2,..,nj=1,2,.., m The voxel pairs of interest
are scanned and, based on the gray scale pairs (u; vj) and the known mutation probabilities, the likelihood for each
voxel pairis computed in step 320. In step 324, the logarithmic likelihood is computed as described above. The logarithmic
likelihood is calculated for a plurality of different registrations until the logarithmic likelihood is maximized and thus, an
optimal registration of the two images is found. Specifically, an optimization algorithm is used in step 328 to determine
whether the current registration yields a maximum value for the logarithmic likelihood. If the likelihood is not yet maximized,
a new transform is selected (step 332) and the relative orientation and position of the two images is changed (step 336)
in accordance with the optimization algorithm and the process returns to step 320. The process continues until it is
determined that the logarithmic likelihood has been maximized (step 328). Once the logarithmic likelihood has been
maximized, thus indicating that an optimal registration has been found, the transformation parameters for the registration
transformation yielding the maximized likelihood are output (step 364).

[0044] If prior knowledge of the mutation probability is not available (step 312), the process proceeds to step 340 and
the likelihood maximization process of the present invention is implemented in a self-consistent fashion. The term "self-
consistent" is used since the overlapping volume produced by the current registration is used to estimate the mutation
probability which is then used to calculate the likelihood. The optimized likelihood then yields the optimum registration.
[0045] Under the current registration of the two images, the mutation probabilities can be estimated (step 340) as
follows. The gray value pairs (u;, v/-) are checked over the whole overlapping volume. Where there are N, pairs (u, vj),j
=1, 2, ..., m, among which are N; pairs for (u; v)), an estimated mutation probability w; is estimated as:

[0046] Again, the likelihood is calculated over the whole overlapping volume or, alternatively, some subset thereof. If
the log likelihood is computed over the whole overlapping volume, substituting this estimation of wj;into the normalized
log likelihood gives

LL';.,=D_ logw,,
=%}.; ; N,w, logw,
=§i: z}: p;wy;logw,,
{i: 2}: h;,logw,,

=2i: 23: hijloghij —Zi: p,;logp,

where p; = N{N and pw;; = h;

conditional entropy H(f| g).

are used and hj is the estimation of the joint probability. Note that this is the negated
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[0047] Similarly, one has

LLg~f=Xi: ; hijloghij—JZ qjlogqj

and, finally,

LL=ZZ Z hijloghij —Z qjlogqj —}: p;logp; .
i3 h] i

[0048] In operation, the voxel pairs of interest are scanned and, based on the gray scale pairs (u; vj), and the estimated
mutation probabilities, the likelihood for each voxel pair is computed in step 344. In step 348, the logarithmic likelihood
is computed as described above. Note that if the likelihood over all of the overlapping voxels is calculated, the computation
can be simplified by looping through the joint and marginal histograms, as the previous formula on LL shows. The
logarithmic likelihood is calculated for a plurality of different registrations in iterative fashion, with a new estimated
mutation probability being calculated for each new registration. For each registration, an optimization algorithm deter-
mines (step 352) whether the current registration yields a maximum value for the logarithmic likelihood. If the likelihood
is not yet maximized, a new transform is selected (step 356) and the relative orientation and position of the two images
is changed (step 360) in accordance with the optimization algorithm and the process returns to step 340. The process
continues in iterative fashion until it is determined (step 352) that the logarithmic likelihood has been maximized. Once
the logarithmic likelihood has been maximized, thus indicating that an optimal registration has been found, the transfor-
mation parameters for the registration transformation yielding the maximized likelihood are output (step 364).

[0049] In both the knowledge-based and self-consistent implementations, the calculated maximized likelihood itself
is optionally output, e.g., to a display monitor (step 364). Since the calculated value will be a number with an upper
bound of 1 (e.g., as would be the case for an image registered with itself or for two images otherwise having an exact
one-to-one correspondence), the value can provide a meaningful indicium to the operator of how well the images are
registered to each other. This is unlike the prior art entropy-based or mutual information based techniques which result
in an unbounded value.

[0050] Again, in both the knowledge-based and self-consistent implementations, it is not necessary to calculate the
likelihood over the whole overlapping volume. In some embodiments, the likelihood can be calculated over a preselected
set of points or a portion of the overlapping volume which may be segmented. The emphasis can also be placed on the
voxel values, for example, the voxels whose values are in a specific range, such as the upper 50%, the upper 25%, the
upper 15%, and so forth. By emphasizing specific segments, improved registration accuracy can be obtained.

EMPIRICAL TESTS

[0051] The accuracy and robustness of the likelihood maximization image registration method of the present invention
has been demonstrated in the following tests. In particular, the self-consistent implementation was used wherein all the
gray value pairs in the overlapping volume were used to estimate the mutation probability and to calculate the log
likelihood.

[0052] Inthese examples, rigid-body transformations are used, however, more general transformations are also con-
templated, including, for example, nonlinear transformations, affine transformations, warping transformations, and so
forth. For a rigid-body transformation, the registration parameter is a six-dimensional vector, (8,, ey, 0,, t,, ty t,), where
0, 6,, and 6, are rotation angles in degrees around the x-, y-, and z-axes, respectively, and ,, ,, and ¢, are translational
offset in millimeters along the x-, y-, and z-axes, respectively. For each rotation, there is a corresponding 4 x 4 matrix
in a homogeneous coordinate system. A successive application of the rotation amounts to matrix multiplication. Since
the matrix multiplication is not commutative, the order of these rotations is important. It is assumed herein that the
rotations are applied around the x, y, and z-axes, in that order. It is also assumed that the rotation is applied before the
translation.

[0053] In the self-consistent implementation, one estimates the marginal and joint distribution of gray value pairs in
the overlapping volume. The maximum voxel value of image fis first found. The voxel values in image fare then divided
into nydiscrete levels. Similarly, the voxel values in image g are divided into ng discrete values. Here, nsand ngcan be
different. In the overlapping volume, the histograms of voxel values in images fand g, and the voxel pairs are calculated
by binning the voxel values and value pairs. The number of bins of the histogram for fis ns the number of bins of the
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histogram for g is ng, and the number of bins of the joint histogram is ns x ny. These numbers of bins can be fixed or
dynamically changed, as discussed below. The normalized histograms then give the marginal as well as the joint dis-
tributions.

[0054] After a transformation is applied, a grid point in one volume will typically not coincide with another grid point in
the transformed space. Before binning the voxel values and voxel value pairs, interpolation is needed in order to obtain
the voxel value at the grid in the transformed space. There are a number of different interpolation methods, for example,
nearest neighbor, tri-linear, and tri-linear partial volume distribution. Since it is insensitive to the translation up to one
voxel, the nearest neighbor interpolation is not sufficient where sub-voxel accuracy is desired. For simplicity the tri-linear
interpolation is preferred.

[0055] Under a transformation, a multidimensional direction set optimization is used to minimize the negated log
likelihood (maximize the likelihood). The direction matrix is initialized to a unitary matrix. The vector is (8,, ey, 0, t, ty,
t,), as explained above. A different order of these registration parameters is possible which may improve the optimization
speed. No attempt is made to optimize the parameter order since the order may be image content dependent and an
exhaustive trial seems impractical (there are 6! = 720 different combinations, although one may try just a subset of them).
Furthermore, the optimization may use six other independent directions which do not necessarily correspond to the six
directions one intended as the search proceeds.

[0056] To find a true global optimal value, simulated annealing can be exploited. Simulated annealing has been
successfully applied to 2-dimensional image registration. It is a stochastic method and is slow, which limits its application
to 3-dimensional image registration. In practice, the multiresolution or subsampling approach proves to be helpful. It -is
a robust algorithm that can improve the optimization speed and increase the capture range.

[0057] The multiresolution optimization is preferred in this implementation. The images are folded down to an 8 x 8 x
8 image as the most coarse image. The resolutions of the successive images are doubled until the full image resolution
is reached in all three dimensions. When the volume is large, such as 512 x 512 x 512, the computation is demanding
and the registration is slow. In some cases the full resolution images are not used. To obtain the low-resolution images,
the voxel values within a sampling volume are averaged. Although it is a little slower than the’subsampling approach,
in practice it gives a better registration result.

[0058] When estimating the joint 2-dimensional histogram, the gray values are paired to different bins. Since the joint
distribution is estimated by the normalized 2-dimensional histogram, from a statistical point of view, a large sample size
is desired. In the multi-resolution optimization strategy, when low resolution images are used however, the number of
gray value pairs is small. One would expect that the statistical bias is large.

[0059] Suppose the image size is 8 x 8 x 8. Then there are at most 512 gray value pairs (when all voxels overlap).
For 8-bit gray data, the number of bins can be as large as 256. 256 bins is not good since, on average, there are at most
2 pairs in each bin. The statistical error in the joint probability would render a poor result. In this situation, a smaller
number of bins is desirable.

[0060] If the number of bins is fixed at a small value, in the case of fine images, there are enough gray value pairs in
each bin. One can have a better estimation of the joint probability at the expense of lower sensitivity. This paradox
suggests that a fixed number of bins is not ideal and an adaptive number of bins, i.e., the number of bins changes with
the resolution, is better.

[0061] In tests, an adaptive number of bins was used. Larger numbers of bins tend to slow down the registration
process, and the maximum number of bins used was 128. The adaptive number of bins as a function of resolution is
tabulated in TABLE 1, where the resolution is given in the maximum number of pixels in three directions.

TABLE 1
Adaptive number of bins as a function of resolution.
Resolution 8 16 32 64 >128

Number of Bins 8 16 32 64 128

[0062] The likelihood maximization image registration method in accordance with the present technique was evaluated
as follows. A SPECT and a MR data set were used as test volumes. The SPECT image and the MR images were self-
registered after various misregistrations were introduced, with and without the presence of noise in the voxel values.
Then, the SPECT volume was registered to the MR volume. The registration results are assessed.

[0063] Theimage data consisted of slices. The x-axis was directed horizontally from right to left, the y-axis horizontally
from front to back, and the z-axis vertically from bottom to top. Technetium-99m hexamethyl-propyleneamine-oxime
(HMPAO Tc-99m) was used as the pharmaceutical for the SPECT image acquisition. The image had a size of 64 x 64
X 24 voxels with a voxel size of 7.12 x 7.12 x 7.12 mm3. The minimum voxel gray value is 0 and the maximum voxel
value is 5425. The average voxel gray value is 163.8.
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[0064] The MR image (T1 sagittal) had 256 x 256 x 128 voxels, with a voxel size of 1.0 x 1.0 x 1.5 mm3. The minimum
voxel value is 0 and the maximum voxel value is 504, with an average voxel value of 57.8.

[0065] First, animage was registered to itself, from various starting misregistrations. To assess the robustness against
noise, one image was corrupted by different levels of noise and the registration was done on the same set of randomly
generated misregistrations.

[0066] To generate randomly misregistered image pairs, an image was first rotated around the x-axis by an angle,
then by the y-axis by another angle, and by the z-axis by yet another angle. These angles have a uniform distribution
over a certain range. The rotated image was then translated to a new position. The offsets in the x, y, and z directions
have a uniform distribution over some range.

[0067] White noise was added to the image to generate a corrupted image. The noise follows a Gaussian distribution
with a mean value of zero and various standard deviations.

[0068] For these experiments with known ground truth, the registration results were then inspected. Inasmuch as a
well-trained observer can detect a translational misregistration in the x- and y-axes of 2 mm or more, in the z-axis of 3
mm or more, and a rotational misregistration around the z-axis of 2° or more and around the x- and y-axes of 4° or more,
the registration was regarded as a failure if any of the misregistration parameters was beyond these ranges.

[0069] A set of 50 randomly misregistered volume pairs were registered. To generate those misregistrations, one
image was rotated around the x-, y- and z-axes. Those rotation angles were uniformly distributed over a range of from
-20 to 20 degrees. The image was then translated. The translation offsets along the three axes were uniformly distributed
over a range of from -56.96 to 56.96 mm.

[0070] For the nuclear image without noise, the method in accordance with this technique failed only 10 out of 50
times. For a comparison, those starting misregistered volumes were also registered by mutual information maximization
and mean absolute difference minimization techniques. The mutual information approach failed 41 out of 50 times and
the mean difference approach failed 4 times out of 50.

[0071] Forthe successful registrations, the average mis-rotations; mis-translations as well as their standard deviations
of those registration parameters are calculated and given in TABLE 2. A nuclear image was registered to itself with the
presence of noise of different levels, from a set of misregistrations. In each entry, the first number is the average and
the second one is the standard deviation. The angles are in degrees, the translations in mm, and the times in seconds.
Three algorithms are evaluated: mean absolute difference minimization (AD), mutual information maximization (Ml), and
likelihood maximization (LH).

TABLE 2
Statistics of the misregistration parameters for successful registration (nuclear medicine images).
Algorithm  0,(10-2) 6,(102) 0,(102) £(102) £(10-2) (102 Time Success
N(0,0)
AD 0.0+24 -1.3x24 -42+30 -39+*29 -29x22 -2.0%£21 77.0x17.7 92%
MI -06+1.8 -04*29 -06+x44 -0.0+x36 -0.0+2.1 -6.4+2.1 80.9+27.1 18%
LH -04+x23 -25*19 -35+32 -42+30 -3.8+3.1 -3.56x24  62.3+13.1 80%
N(0,50)
AD 1.9%+35 -05+25 -38+32 -08+36 -3.1+28 8.0+4.2 76.7:12.7 86%
Ml -0.1x24 1.0x4.4 -22*¥93 -6.7x17 -21+x23 -10.6+x3.0 82.0*x23.5 16%
LH 0.8+£3.5 -05+25 -3.1£31 -1.1£35 -1.8+3.8 9.3+4.0 69.1+12.1 78%
N(0,100)
AD 0.5x4.0 -43+31 -1.3%x57 -14+52 -41+x47 13144 657*x127 90%
Ml 1.7+3.3 0.4+4.7 1.6x1.9 0.0£1.9 -2.3x6.4 -104x3.7 59.4+21.0 16%
LH 0.6+3.2 -3.3x2.0 -2.3¥40 -25+33 -3.3+3.1 13.0+4.4 58.2+11.6 78%

[0072] The misregistration parameters are defined as the difference between the actual one and the’computed one.
They all achieved a subvoxel accuracy, with remarkably small bias and deviations. The likelihood maximization method
of the present invention is about 25% faster than the mutual information approach. When the images are registered, the
calculated likelihood is exactly one, showing the voxel has a one-to-one correspondence.

[0073] To assess the robustness of the likelihood maximization method of the present invention, the image was
corrupted by additive noise. The registration was done again with the same set of initial misregistrations. The statistics
of the misregistration parameters are given in TABLE 2, again for the successful registrations. The Gaussian noise had
a variance of 50 and 100, respectively.

[0074] It is worth noting that these methods behave well even with the presence of a noise as strong as N(0, 100),
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although the mean difference will fail if it is not a Gaussian additive noise. The robust behavior is probably due to the
strong signal present in the image. Notice that the average gray value is 163.8. When the noise is N(0, 50), the calculated
likelihood was 0.762 at registration when the resolution was 64 x 64 x 24 and was 0.944 when the resolution was 32 x
32 x 24. Similarly, when the noise was N(0, 100), the likelihoods were 0.594 and 0.903, respectively. The voxel range
is very large, so each bin can accommodate a relatively large voxel gray value. As a consequence, the noise corrupted
voxel may fall into the same bin as the noise-free voxel. That is the reason why the likelihood is large here. When the
low resolution image is used, the voxel is smoothed and the number of bins is also decreased, explaining the higher
likelihood in lower resolution. The data here also reveals that higher noise reduces the likelihood.

[0075] The same experiment was done on the MR image. However, the rotation angles are uniformly distributed over
arange of from -30 to 30 degrees and the translational offsets are uniformly distributed over a range of from -24 to 24 mm.
[0076] The MR volume has 256 x 256 x 128 voxels. As mentioned earlier, if the full resolution image is used, the
registration speed is slow (approximately 1 hr). Thus, the maximum resolution used is 64 x 64 x 64. It turns out that it
works quite well as the following data shows.

[0077] TABLE 3 shows the statistics of the misregistration parameters for successful registrations for registration of
the MR image to itself with and without the presence of noise from a set of misregistrations. In each entry, the first
number is the average and the second one is the standard deviation. The angles are in degrees, the translations in mm,
and the times in seconds. Three algorithms are evaluated: mean absolute difference minimization (AD), mutual infor-
mation maximization (MI), and likelihood maximization (LH). The success rates are in the same order although mutual
information correctly registered all the image pairs. The effect of resolution on the registration results was not studied
since all failed registrations have a large translation offset such that there is no overlapping volume. This situation will
not change in the further higher resolution optimization.

TABLE 3

Statistics of the misregistration parameters for successful registration (MR images).

Algorithm ~ 6,(102) Gy(10'2) 0,(102) t,(102) ty(10'2) t,(102) Time Success

N(0,0)

AD - -0.3x04 -01x05 -0.7=11 -1.6+x06 -1.8+x1.2 358.4+161.3 98%
0.5+0.4

MI - -0.2+x04  0.0+0.6 0.0+0.4 0.8x0.7 -2.2+1.2 111.7+£16.8 100%
0.6+0.7

LH - -0.7x05 -0.3x05 -04*x07 -0.8x13 -2.0x11 174.7+18.3 94%
0.1=x0.8

N(0,50)

AD 0115 -19£13 -1.2x23 2024 -1.3x15 -6.2x1.9 220.0+39.9 98%

MI - -0.8+0.8 -04x15 -0.1=0.7 0.0x0.6 -2.7+1.0 335.6:-84.6 100%
1.0=1.1

LH 2114 0.2x05 0.9+0.8 -0.3+0.6 0.1+x1.0 2.5+1.2 345.1+83.1 94%

[0078] For the noise-free images in registration, the likelihood was one, as expected. For the noised images in regis-
tration, when the resolution was 128 x 128 x 128, it was 0.082, and when the resolution was 64 x 64 x 64, it was 0.248.
As in the previous example, the likelihood value increased when the resolution decreased. It is noted that the likelihood
here is smaller than that in the previous example since the average voxel gray value is lower here and the influence of
the noise is more remarkable.

[0079] Forthe multimodality registration, the correct registration parameters are unknown. Various evaluation methods
are used to assess its accuracy, including phantom validation, observer assessment, fiducial marks, among others.
Here, a modified observer assessment approach was used. The MR/SPECT image pair was first registered by a clinical
expert using an interactive (manual) registration method which is available in the software. The registration parameters
were then used as the standard and the registration results of the likelihood maximization or mutual information maxi-
mization were compared against this standard result. To assess the robustness of these techniques, some misregistra-
tions were randomly generated as an initial registration. In the first set of 50 misregistrations (Set 1), the differences
between the rotation angles and the standard rotation angles are uniformly distributed over a range of from -20 to 20
degrees and the differences between the translational offsets are uniformly distributed over a range of from -28.48 to
28.48 mm. For the second set of 50 misregistrations (Set 2), the angle differences are distributed uniformly over a range
of from -30 to 30 degrees and the translational differences are distributed uniformly over a range of from -28.48 to 28,48
mm. Since the true registration parameters are unknown, a relatively large threshold was set for the difference between
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the computed one and the standard when judging whether a registration succeeds. The angle threshold is 10 degrees
regardless of the rotation axis and the translation threshold is 14.24 mm regardless of the direction.

[0080] First, the MR image was used as a reference and the SPECT as a floating image. The statistics of the misreg-
istration parameters for mutual information maximization and likelihood maximization are shown in TABLE 4.

12
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[0081] The success rate of the mutual information maximization approach was found to be slightly better than the
likelihood method of the present invention. As the initial misregistration became larger, the success rate of both methods
decreased. Also revealed by the data is that, as the initial misregistration becomes larger, the statistics do not change
noticeably, indicating that both methods are robust and reliable.

[0082] Both registration results show some systematic difference from the standard one, however, all these differences
were subvoxel. The deviation of the mutual information approach is smaller than that of the likelihood approach, indicating
the mutual information registration is slightly more consistent, although this difference is marginal.

[0083] Although a remarkable difference was not expected when the SPECT image was used as a reference, the
experimental results do show some disparity, as shown in TABLE 5.

14
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[0084] The success rate of the likelihood approach dropped greatly. The deviation of the registration parameters of
these two approaches also increases. In both algorithms the registration results should not depend upon which image
is the reference image. This disparity may be implementation related.

[0085] Inregistration, the likelihood was 0.060 when the resolution was 32 x 32 x 24 and was 0.024 when the resolution
was 64 x 64 x 24. While these values may appear small in magnitude, they do indicate a significant likelihood. As
discussed below, if there is no relation, one would expect likelihoods of 0.00098 and 0.00024, respectively.

[0086] Itis noted that, in the self-consistent implementation of the present invention, if the likelihood is calculated over
all the overlapping volume, the final formula is composed by the contributions from the entropy and joint entropy. In the
derivation, if image fis treated as a random field, u; would be a random variable. Instead of computing the conditional
likelihood, the likelihood can be computed. The formula is then the negated joint entropy. Since the image is given, itis
preferable to compute the conditional likelihood. As indicated earlier, one piece of the log likelihood is the negated
conditional entropy, but the interpretation is totally different. If partial volume data is used to calculate the likelihood, or
the likelihood is calculated based on prior knowledge, the formula would be different and there is no such counterpart
in the entropy, conditional entropy, and mutual information approaches.

[0087] There are some conceptual difficulties with the entropy approach, however. The concept of entropy was pro-
posed inthe 1940’s. The conventional use of entropy is to exploit it as an objective function to be maximized, for example,
in statistical physics, estimation theory, spectral analysis, image reconstruction, queue theory, and city planning. In the
middle of the 1980’s, entropy maximization was formally established as a principle based on a set of axioms. However,
entropy minimization as a principle has never been formally posed. One can still informally or intuitively justify entropy
minimization in the image registration context, but a sound foundation is still missing. Likelihood maximization, however,
is an established principle and is easy to understand. Likelihood maximization has a solid theoretical foundation and is
conceptually easy to appreciate.

[0088] Likelihood is a probability and has a lower bound of 0 and an upper bound of 1. Although the calculation of the
likelihood depends on the resolution and also the number of bins, the upper bound of 1 never changes. If the two images
have no correlation, then one would expect that the mutation probability for a voxel in fto a voxel in g is 1/n; and the
mutation for a voxel in g to a voxel in fis 1/ng. The likelihood is then 1/n,ng. By looking at the likelihood, one knows to
what extent the two images match. While entropy and mutual information are abstract concepts, likelihood is more readily
understood.

[0089] There has thus been described an image processing system and method employing image registration using
likelihood maximization. In comparison to mutual information maximization and absolute difference minimization meth-
ods, the results indicate that the performance of the present invention is comparable to that of the mutual information
approach.

[0090] Although the invention has been described with a certain degree of particularity, it should be recognized that
elements thereof may be altered by persons skilled in the art without departing from the scope of the appended claims.
One of the embodiments of the invention can be implemented as sets of instructions resident in the main memory of
one or more computer systems. Until required by the computer system, the set of instructions may be stored in another
computer readable memory, for example in a hard disk drive or in a removable memory such as an optical disk for
utilization in a CD-ROM or DVD drive, a floppy disk for utilization in a floppy disk drive, a floptical disk for utilization in a
floptical drive, or a personal computer memory card for utilization in a personal computer card slot. Further, the set of
instructions can be stored in the memory of another computer and transmitted over a local area network or a wide area
network, such as the Internet, when desired by a user. Additionally, the instructions may be transmitted over a network
in the form of an applet that is interpreted after transmission to the computer system rather than prior to transmission.
One skilled in the art would appreciate that the physical storage of the sets of instructions or applets physically changes
the medium upon which it is stored electrically, magnetically, chemically, physically, optically, or holographically, so that
the medium carries computer readable information.

Claims

1. A method for registering a first volumetric image (110) and a second volumetric image (112), each image comprising
a three-dimensional array of gray scale voxel values, the method comprising:

(a) defining mutation probabilities (316, 340) for a plurality of aligned pairs of the voxel values, the aligned pairs
of voxel values comprising a voxel value from the first image and a spatially corresponding voxel value from
the second image, each mutation probability being related to the likelihood that a voxel value in the firstimage
corresponds to a spatially corresponding voxel value in the second image and vice versa, said defining being
based on a selected geometric relationship of the first and second images;

(b) selecting a first transform defining a geometric relationship of the second image relative to the first image;
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(c) calculating (320, 344) a measure of the likelihood for a predetermined set of aligned voxel pairs using the
mutation probabilities, the measure of the likelihood being an indicium of the probability of obtaining the first
image given the second image and vice versa;

(d) selecting a different transform (332, 360) defining a geometric relationship of the second image relative to
the first image; and

(e) iteratively repeating steps (c) and (d) until an optimal transform (150) defining a geometric relationship of
the second image relative to the first image is calculated, the optimal transform providing an optimal measure
of the likelihood.

The method of claim 1, further including at least one step selected from:

storing data representative of the optimal transform; and
registering the first and second images using the optimal transform.

The method of either one of claims 2 and 3, further including the step of:
displaying a composite image formed from the first and second images.

The method of any one of claims 1-3, wherein the optimal transform is selected from a rigid-body transform, an
affine transform, a warping transform, and a nonlinear transform.

The method of any one of claims 1-4, wherein the step of defining mutation probabilities includes accessing stored
pre-computed mutation probability values (140).

The method of any one of claims 1-5, wherein the step of defining mutation probabilities includes estimating mutation
probabilities (340) based on a currently selected transform defining a geometric relationship of the second image
relative to the first image.

The method of any one of claims 1-6, wherein the plurality of aligned pairs comprises all aligned pairs in overlapping
portions of the first and second images.

The method of any one of claims 1-7, wherein the plurality of pairs are limited to one or more selected subvolumes
in overlapping portions of the first and second images.

The method of any one of claims 1-8, wherein the plurality of pairs are limited to aligned pairs in overlapping portions
of the first and second images having voxel values within a preselected range of values.

The method of any one of claims 1-9, wherein the measure of the likelihood is symmetrical.

The method of any one of claims 1-10, wherein the step of calculating the measure of the likelihood includes summing
logarithms of the mutation probabilities.

The method of any one of claims 1-11, wherein the step of calculating the measure of the likelihood includes:

calculating, as a sum of logarithms of the mutation probabilities, a first logarithmic likelihood value being an
indicium of the probability of obtaining the first image given the second image for the predetermined set of
aligned voxel pairs;

calculating, as a sum of logarithms of the mutation probabilities, a second logarithmic likelihood value being an
indicium of the probability of obtaining the second image given the first image for the predetermined set of
aligned voxel pairs; and

adding the first and second logarithmic likelihood values.

The method of claim 12, wherein adding the first and second logarithmic likelihood values produces a summed
likelihood value within a preselected range, and further wherein the summed likelihood value increases within said

range with increasing registration quality.

The method of any one of claims 1-13, further including:
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normalizing the calculated measure of likelihood for a predetermined set of aligned voxel pairs using the mutation
probabilities to produce a normalized measure of the likelihood, the normalized measure of the likelihood being
an indicium of the probability of obtaining the first image given the second image and of obtaining the second
image given the first image, the normalized measure being bounded within a preselected and finite range of
values; and

outputting the normalized measure, wherein the normalized measure approaches one end of the finite range
as the quality of the registration increases, the normalized measure thereby serving to identify to the user the
quality of the registration.

15. An image processing system (100) for registering a first volumetric image (110) and a second volumetric image
(112), the volumetric images comprising three-dimensional arrays of voxel values, comprising:

aregistration processor (130) and associated memory for storing a plurality of volumetric image representations
to be registered, the registration processor:

determining mutation probabilities (316, 340) for a plurality of aligned pairs of the voxel values, the aligned
pairs of voxel values comprising a voxel value from the firstimage and a spatially corresponding voxel value
from the second image, each mutation probability being related to the likelihood that a voxel value in the
first image corresponds to a spatially corresponding voxel value in the second image and vice versa, said
determining being based on a selected geometric relationship of the first and second images;

calculating a measure of the likelihood (320, 344) for a plurality of geometric relationships between the first
and second images, the measure of likelihood being calculated for a predetermined set of aligned voxel,
pairs using the mutation probabilities, and the measure of the likelihood being an indicium of the probability
of obtaining the first image given the second image and vice versa; and

optimizing the measure of likelihood (328, 352) to find an optimal transform defining a geometric relationship
between the first and second images;

a memory (150) coupled to the registration processor for storing parameters representative of the optimal
transform; and
a display system (160, 162) for forming a composite image representation of the first and second images.

16. The image processing system of claim 15, further comprising:

a diagnostic imaging scanner.

17. The image processing system of claim 16, wherein the diagnostic imaging scanner comprises an MR scanner, an
x-ray CT scanner, and PET scanner, a SPECT scanner, an ultrasound scanner, or a combination thereof.

18. The image processing system of any one of claims 15-17, wherein the determining of mutation probabilities includes
accessing stored pre-computed mutation probability values (140).

19. The image processing system of any one of claims 15-18, wherein the defining of mutation probabilities includes
estimating (340) mutation probabilities based on a currently selected transform that defines a geometric relationship
of the second image relative to the first image.

20. The image processing system of any one of claims 15-19, wherein the measure of the likelihood is symmetrical.

Patentanspriiche

1. Verfahren zur Registrierung eines ersten volumetrischen Bildes (110) und eines zweiten volumetrischen Bildes
(112), wobei jedes Bild ein dreidimensionales Array aus Grauskalenvoxelwerten umfasst, wobei das Verfahren
Folgendes umfasst:

(a) Definieren von Mutationswahrscheinlichkeiten (316, 340) fir eine Vielzahl von ausgerichteten Paaren von
Voxelwerten, wobei die ausgerichteten Paare von Voxelwerten einen Voxelwert aus dem ersten Bild und einen
raumlich entsprechenden Voxelwert aus dem zweiten Bild umfassen, wobei jede Mutationswahrscheinlichkeit
mit der Likelihood in Beziehung steht, dass ein Voxelwert im ersten Bild mit einem raumlich entsprechenden
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Voxelwert in dem zweiten Bild Gbereinstimmt und umgekehrt, wobei das genannte Definieren auf einer ausge-
wahlten geometrischen Beziehung des ersten und des zweiten Bildes beruht;

(b) Auswahlen einer ersten Transformation, die eine geometrische Beziehung des zweiten Bildes relativ zum
ersten Bild definiert;

(c) Berechnen (320, 344) eines Likelihood-MaRes flir eine vorgegebene Gruppe von ausgerichteten VVoxelpaaren
unter Verwendung der Mutationswahrscheinlichkeiten, wobei das Likelihood-MaR ein Indiz fur die Wahrschein-
lichkeit ist, das erste Bild bei gegebenem zweiten Bild zu erhalten und umgekehrt;

(d) Auswahlen einer anderen Transformation (332, 360), die eine geometrische Beziehung des zweiten Bildes
relativ zum ersten Bild definiert; und

(e) iteratives Wiederholen der Schritte (c) und (d), bis eine optimale Transformation (150), die eine geometrische
Beziehung des zweiten Bildes relativ zum ersten Bild definiert, berechnet ist, wobei die optimale Transformation
ein optimales Likelihood-Mal liefert.

Verfahren nach Anspruch 1, das weiterhin mindestens einen Schritt umfasst, der ausgewahlt wurde aus:

Speichern von Daten, die firr die optimale Transformation reprasentativ sind; und
Registrieren des ersten und des zweiten Bildes mit Hilfe der optimalen Transformation.

Verfahren nach einem der Anspriiche 2 und 3, das weiterhin den folgenden Schritt umfasst:
Anzeigen eines zusammengesetzten Bildes, das aus dem ersten und dem zweiten Bild geformt wurde.

Verfahren nach einem der Anspriiche 1 bis 3, wobei die optimale Transformation aus einer Starrkérper-Transfor-
mation, einer affinen Transformation, einer Verzerrungstransformation und einer nichtlinearen Transformation aus-
gewahlt wird.

Verfahren nach einem der Anspriiche 1 bis 4, wobei der Schritt des Definierens von Mutationswahrscheinlichkeiten
das Zugreifen auf gespeicherte vorberechnete Motationswahrscheinlichkeitswerte (140) umfasst.

Verfahren nach einem der Anspriiche 1 bis 5, wobei der Schritt des Definierens von Mutationswahrscheinlichkeiten
das Schatzen von Mutationswahrscheinlichkeiten (340) auf der Basis einer zurzeit gewahlten Transformation um-
fasst, die eine geometrische Beziehung des zweiten Bildes relativ zum ersten Bild definiert.

Verfahren nach einem der Anspriiche 1 bis 6, wobei die Vielzahl von ausgerichteten Paaren alle ausgerichteten
Paare in Uberlappenden Bereichen des ersten und des zweiten Bildes umfasst.

Verfahren nach einem der Anspriiche 1 bis 7, wobei die Vielzahl von Paaren auf ein oder mehrere ausgewahlte
Teilvolumina in Uberlappenden Bereichen des ersten und des zweiten Bildes begrenzt ist.

Verfahren nach einem der Anspriiche 1 bis 8, wobei die Vielzahl von Paaren auf ausgerichtete Paare in Gberlap-
penden Bereichen des ersten und des zweiten Bildes mit Voxelwerten innerhalb eines vorgegebenen Wertebereichs
begrenzt ist.

Verfahren nach einem der Anspriiche 1 bis 9, wobei das Likelihood-MaR symmetrisch ist.

Verfahren nach einem der Anspriiche 1 bis 10, wobei der Schritt des Berechnens des Likelihood-Males das Sum-
mieren der Logarithmen der Mutationswahrscheinlichkeiten umfasst.

Verfahren nach einem der Anspriiche 1 bis 11, wobei der Schritt des Berechnens des Likelihood-MaRes Folgendes
umfasst:

Berechnen, als eine Summe von Logarithmen der Mutationswahrscheinlichkeiten, eines ersten logarithmischen
Likelihood-Wertes, der ein Indiz der Wahrscheinlichkeit dafir ist, das erste Bild bei gegebenem zweiten Bild
fur die vorgegebene Gruppe von ausgerichteten Voxelpaaren zu erhalten;

Berechnen, als eine Summe von Logarithmen der Mutationswahrscheinlichkeiten, eines zweiten logarithmi-
schen Likelihood-Wertes, der ein Indiz der Wahrscheinlichkeit dafiir ist, das zweite Bild bei gegebenem ersten
Bild firr die vorgegebene Gruppe von ausgerichteten Voxelpaaren zu erhalten; und

Addieren des ersten und des zweiten logarithmischen Likelihood-Wertes.
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Verfahren nach Anspruch 12, wobei das Addieren des ersten und des zweiten logarithmischen Likelihood-Wertes
einen summierten Likelihood-Wert innerhalb eines vorgewahlten Bereichs ergibt, und wobei weiterhin der summierte
Likelihood-Wert innerhalb des genannten Bereichs mit zunehmender Registrierungsqualitat ansteigt.

Verfahren nach einem der Anspriiche 1 bis 13, das weiterhin Folgendes umfasst:

Normalisieren des berechneten Likelihood-Males fiir eine vorgegebene Gruppe von ausgerichteten Voxelpaa-
ren unter Verwendung der Mutationswahrscheinlichkeiten, um ein normalisiertes Likelihood-MaR zu erzeugen,
wobei das normalisierte Likelihood-MaR ein Indiz der Wahrscheinlichkeit dafiir ist, das erste Bild bei gegebenem
zweiten Bild zu erhalten und das zweite Bild bei gegebenem ersten Bild zu erhalten, wobei das normalisierte
Maf in einem vorgewahlten und finiten Wertebereich begrenzt ist; und

Ausgeben des normalisierten Males, wobei sich das normalisierte Maf} einem Ende des finiten Bereichs néhert,
wenn die Qualitat der Registrierung zunimmt, wodurch das normalisierte Mall dazu dient, dem Benutzer die
Qualitat der Registrierung anzugeben.

Bildverarbeitungssystem (100) zum Registrieren eines ersten volumetrischen Bildes (100) und eines zweiten volu-
metrischen Bildes (112), wobei die volumetrischen Bilder dreidimensionale Arrays aus Voxelwerten umfassen, wobei
das Bildverarbeitungssystem Folgendes umfasst:

einen Registrierungsprozessor (130) und einen zugehdérigen Speicher zum Speichern einer Vielzahl von zu
registrierenden volumetrischen Bilddarstellungen, wobei der Registrierungsprozessor:

Mutationswahrscheinlichkeiten fiir eine Vielzahl von ausgerichteten Paaren von Voxelwerten bestimmt
(316, 340), wobei die ausgerichteten Paare von Voxelwerten einen Voxelwert aus dem ersten Bild und
einen rdumlich entsprechenden Voxelwert aus dem zweiten Bild umfassen, wobei jede Mutationswahr-
scheinlichkeit mit der Likelihood in Beziehung steht, dass ein Voxelwert im ersten Bild mit einem raumlich
entsprechenden Voxelwert in dem zweiten Bild lbereinstimmt und umgekehrt, wobei das genannte Be-
stimmen auf einer ausgewahlten geometrischen Beziehung des ersten und des zweiten Bildes beruht;
ein Likelihood-Mal fir eine Vielzahl von geometrischen Beziehungen zwischen dem ersten und dem zwei-
ten Bild berechnet (320, 344), wobei das Likelihood-Mal fiir eine vorgegebene Gruppe von ausgerichteten
Voxelpaaren unter Verwendung der Mutationswahrscheinlichkeiten berechnet wird, und wobei das Likeli-
hood-Maf} ein Indiz fur die Wahrscheinlichkeit ist, das erste Bild bei gegebenem zweiten Bild zu erhalten
und umgekehrt; und

das Likelihood-Maf optimiert (328, 352), um eine optimale Transformation zu finden, die eine geometrische
Beziehung zwischen dem ersten und dem zweiten Bild definiert;

einen Speicher (150), der mit dem Registrierungsprozessor gekoppelt ist, um Parameter zu speichern, die die
optimale Transformation reprasentieren; und
ein Anzeigesystem (160, 162) zum Formen einer zusammengesetzten Bilddarstellung des ersten und des
zweiten Bildes.
Bildverarbeitungssystem nach Anspruch 15, das weiterhin Folgendes umfasst:
einen diagnostischen Bildgebungs-Scanner.
Bildverarbeitungssystem nach Anspruch 16, wobei der diagnostische Bildgebungs-Scanner einen MR-Scanner,
einen Réntgen-CT-Scanner, einen PET-Scanner, einen SPECT-Scanner, einen Ultraschall-Scanner oder eine Kom-

bination daraus umfasst.

Bildverarbeitungssystem nach einem der Anspriiche 15 bis 17, wobei das Bestimmen von Mutationswahrschein-
lichkeiten das Zugreifen auf gespeicherte vorberechnete Mutationswahrscheinlichkeitswerte (140) umfasst.

Bildverarbeitungssystem nach einem der Anspriiche 15 bis 18, wobei das Definieren von Mutationswahrscheinlich-
keiten das Schatzen (340) von Mutationswahrscheinlichkeiten auf der Basis einer zurzeit gewahlten Transformation

umfasst, die eine geometrische Beziehung des zweiten Bildes relativ zum ersten Bild definiert.

Bildverarbeitungssystem nach einem der Anspriiche 15 bis 19, wobei das Likelihood-Maf} symmetrisch ist.
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Revendications

1.

10.

11.

Procédé d’enregistrement d’'une premiére image volumétrique (110) et d’'une seconde image volumétrique (112),
chaque image comprenant un tableau tridimensionnel de valeurs de voxel en niveaux de gris, le procédé
comprenant :

(a) la définition des probabilités de mutation (316, 340) pour une pluralité de paire alignées de valeurs de voxel,
les paires alignées de valeurs de voxel comprenant une valeur de voxel d’'une premiere image et une valeur
de voxel spatialement correspondante d’'une seconde image, chaque probabilité de mutation étant reliée a une
vraisemblance qu’une valeur de voxel de la premiére image corresponde a une valeur de voxel spatialement
correspondante dans la seconde image et vice versa, ladite définition étant basée sur une relation géométrique
sélectionnée des premiére et seconde images ;

(b) la sélection d’'une premiére transformation définissant une relation géométrique de la seconde image par
rapport a la premiére image ;

(c) le calcul (320, 344) d’'une mesure de la vraisemblance pour un ensemble prédéterminé d’une paires de
voxels alignés en utilisant les probabilités de mutation, la mesure de la vraisemblance étant un indicateur de
la probabilité d’obtenir la premiére image étant donnée la seconde image et vice versa ;

(d) la sélection d’'une transformation différente (332, 360) définissant une relation géométrique de la seconde
image par rapport a la premiére image ; et

(e) larépétition de fagon itérative des étapes (c) et (d) jusqu’a ce qu’une transformation optimale (150) définissant
une relation géométrique de la seconde image par rapport a la premiére image soit calculée, la transformation
optimale fournissant une mesure optimale de la vraisemblance.

Procédé selon la revendication 1, comprenant en outre I'inclusion d’au moins une étape choisie parmi :

le stockage des données représentatives de la transformation optimale ; et
I'enregistrement des premiére et seconde images en utilisant la transformation optimale.

Procédé selon 'une des revendications 2 et 3, comprenant en outre I'étape de :

I'affichage d’'une image composite formée a partie des premiére et seconde images.
Procédé selon I'une quelconque des revendications 1 a 3, dans lequel la transformation optimale est choisie parmi
une transformation de corps rigide, une transformation affine, une transformation de déformation, et une transfor-

mation non linéaire.

Procédé selon I'une quelconque des revendications 1 a 4, dans lequel I'étape de définition des probabilités de
mutation inclut 'accés aux valeurs de probabilité de mutation pré-calculées stockées (140).

Procédé selon I'une quelconque des revendications 1 a 5, dans lequel I'étape de définition des probabilités de
mutation inclut 'estimation des probabilités de mutation (340) basée sur une transformation sélectionnée en cours

définissant une relation géométrique de la seconde image par rapport a la premiére image.

Procédé selon I'une quelconque des revendications 1 a 6, dans lequel la pluralité de paires alignées comprend
toutes les paires alignées dans les parties se chevauchant des premiére et seconde images.

Procédé selon 'une quelconque des revendications 1 a 7, dans lequel la pluralité de paires sont limitées a un ou
plusieurs sous-volumes dans les parties se chevauchant des premiére et seconde images.

Procédé selon I'une quelconque des revendications 1 a 8, dans lequel la pluralité de paires sont limitées a des
paires alignées dans les parties se chevauchant des premiére et seconde images ayant des valeurs de voxel dans
une plage de valeurs présélectionnée.

Procédé selon I'une quelconque des revendications 1 a 9, dans lequel la mesure de la vraisemblance est symétrique.

Procédé selon I'une quelconque des revendications 1 a 10, dans lequel I'étape de calcul de la mesure de la vrai-
semblance inclut la sommation des logarithmes des probabilités de mutation.
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12. Procédé selon I'une quelconque des revendications 1 a 11, dans lequel I'étape de calcul de la mesure de la vrai-
semblance inclut :

le calcul, en tant que somme de logarithmes des probabilités de mutation, une premiere valeur logarithmique
de vraisemblance étant un indicateur de la probabilité d’obtenir la premiére image étant donnée la seconde
image pour I'ensemble prédéterminé de paires de voxel alignés ;

le calcul, en tant que somme de logarithmes des probabilités de mutation, une seconde valeur logarithmique
de vraisemblance étant un indicateur de la probabilité d’obtenir la seconde image étant donnée la premiére
image pour I'ensemble prédéterminé de paires de voxel alignés ; et

I'addition des premiére et seconde valeurs logarithmiques de vraisemblance.

13. Procédé selon la revendication 12, dans lequel I'addition des premiére et seconde valeurs logarithmiques de vrai-
semblance produit une valeur de vraisemblance sommée dans une plage prédéterminée, et en outre dans lequel
la valeur de vraisemblance sommée augmente dans ladite plage en augmentant la qualité d’enregistrement.

14. Procédé selon I'une quelconque des revendications 1 a 13, comprenant en outre :

la normalisation de la mesure calculée de vraisemblance pour un ensemble prédéterminé de paires de voxel
alignées en utilisant les probabilités de mutation pour produire une mesure normalisée de la vraisemblance, la
mesure normalisée de la vraisemblance étant un indicateur de la probabilité d’obtenir la premiére image étant
donnée la seconde image et d’obtenir la seconde image étant donnée la premiére image, la mesure normalisée
étant bornée dans une plage présélectionnée et finie de valeurs ; et

la sortie de la valeur normalisée, dans lequel la mesure normalisée approche une extrémité de la plage finie
quand la qualité de I'enregistrement augmente, la mesure normalisée permettant alors a I'utilisateur d’identifier
la qualité de I'enregistrement.

15. Systéme de traitement d’image (100) pour enregistrer une premiére image volumétrique (110) et une seconde image
volumétrique (112), les images volumétriques comprenant des tableaux tridimensionnels de valeurs de voxel,
comprenant :

un processeur d’enregistrement (130) et une mémoire associée pour stocker une pluralité de représentations
d’'image volumétrique a enregistrer, le processeur d’enregistrement :

déterminant des probabilités de mutation (316, 340) pour une pluralité de paires alignées de valeur de
voxel, les paires alignées de valeurs de voxel comprenant une valeur de voxel d’'une premiére image et
une valeur de voxel spatialement correspondante d’'une seconde image, chaque probabilité de mutation
étant reliée a la vraisemblance qu’une valeur de voxel dans la premiére image corresponde a une valeur
de voxel spatialement correspondante dans la seconde image et vice versa, ladite détermination étant
basée sur une relation géométrique sélectionnée des premiere et seconde images ;

calculant une mesure de la vraisemblance (320, 344) pour une pluralité de relations géométriques entre
les premiére et seconde images, lamesure de vraisemblance étant calculée pour un ensemble prédéterminé
de paires de voxel alignées en utilisant les probabilités de mutation, et la mesure de vraisemblance étant
un indicateur de la probabilité d’obtenir la premiére image étant donnée la seconde image et vice versa : et
optimisant la mesure de vraisemblance (328, 352) pour trouver une transformation optimale définissant
une relation géométrique entre les premiere et seconde images ;

une mémoire (150) couplée au processeur d’enregistrement pour stocker les paramétres représentatifs de la
transformation optimale ; et
un systeme d’affichage (160, 162) pour former une représentation d'image composite des premiére et seconde
images.

16. Systéme de traitement d’image selon la revendication 15, comprenant en outre :
un scanner d'imagerie de diagnostique.

17. Systéme de traitement d'image selon la revendication 16, dans lequel le scanner d’imagerie de diagnostique com-

prend un scanner IRM, un tomodensitomeétre a rayons X, un tomographe par EP, un gamma-tomographe, un scanner
a ultrasons, ou une combinaison de ceux-ci.
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18. Systéme de traitement d’image selon 'une quelconque des revendications 15 a 17, dans lequel la détermination
des probabilités de mutation comprend I'acces aux valeurs de probabilité de mutation pré-calculées stockées (140).

19. Systéme de traitement d'image selon 'une quelconque des revendications 15 a 18, dans lequel la définition des
probabilités de mutation comprend I'estimation (340) des probabilités de mutation sur la base d’une transformation

sélectionnée en cours qui définit une relation géométrique de la seconde image par rapport a la premiére image.

20. Systeme de traitement d’'image selon I'une quelconque des revendications 15 a 19, dans lequel la mesure de la
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vraisemblance est symétrique.
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