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Abstract

Various metrics have been proposed in the literature for performing intrinsic automatic image to image
registration. Among these measures, mutual information is a very popular one because of its robustness
and accuracy for a wide variety of applications. In this paper, we propose a filter for performing non-rigid
registration by estimating a dense deformation field derived from the mutual information metric. This
filter takes place in the ITK PDE deformable registration design like the Demons algorithm of Thirion.
We also show how the concept of metric flow is conceptually linked to the concept of metric derivative for

a prior transformation model by the transformation jacobian. We also suggest a sparse implementation
of the GetJacobian() method for reducing the computation time of a metric derivative for local
transformations models.
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1 Introduction

Intrinsic registratiorf] refers to automatic registration techniques using the images signal intensities to
compute the best alignment. In this paper, we will focus the cagiobil similarity metricsconsidering
the mapping of the entire fixed image to moving image domains.

For maximizing these kind of metrics, the optimization strategy varies from the representation of the trans-
formation, either parametric or non-parametric. In the case of a parametric representation, a finite number
of parameters allows to represent rigid as well as non-rigid transformations with reasonable complexity. In
this context, a broad range of numerical optimization schemes can be used (gradient based, stochastic search
(SPSA[L]], One Plus Ond[2], Powell[7], ...).

When it comes to estimate a dense deformation field where the displacement vectors at each voxel are
considered separately, the dimension of the optimization space tends to be so big that a variational method
is often the privileged approach in the literature. The most popular variational registration technique is
the optical flow[L4] algorithm and has been widely used for intra-subject and atlas to patient registration.
More recently, Hermosilldf] has described a generalization of the optical flow algorithm for different well
know metrics in medical images registration (including mean squared difference, mutual information and
normalized correlation). In this paper, we first recall in Secfiadhe main concepts required for computing

the flow of a general metric. Sectiédexplains how the concept of flow and the concept of derivative for

a given transformation model are related. Sectigroposes to include the concepts seen in the previous
sections in ITK using helper classes to avoid copies of the same code in the toolkit. Finally, Section
illustrate the use of mutual information flow with or without prior regularization on clinical some clinical
cases.

2 Metric flow

If no specific model is chosen for the transformation maximizing the global similarity between the two
images to align, a common requirement is to search for a displacemen firétking the cost functiod
stationary 5]. The problem is then reformulated as finding the displacementdiaigch that

dZ(u + ¢h)

5 620:0, vh 1)
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Equation () means that fon optimal, adding any continuous functibnscaled by ar € R parameter has
an optimal solution foe = 0.

For simplification purposes, we will consider in this paper the simple case of a cost function which does not
contain a regularization term. The cost function can thus be written in a general way as

Tw) = 15 | ¢lx.uxjax )

A regularization term would include in EquatioB)(a dependency regarding the spatial derivatives of the
displacement field.

The derivative in Equatiorlj can be written like a scalar product between the perturbation funhtemd
the partial derivative of regardingu [5]

. |Q‘ / dx=0 Vh 3)

Since Equation3) must holdvh, the displacement field making the cost functional stationary must satisfy
the following condition orf2

0Z(u + €h)
Oe

Metric flow & ¢ ,(x) =0 vx € Q (4)

The most common way of solving Equatiof) (s a gradient descent scheme computing at each iteration an
incremental displacement field that is then added to the current displacementfield= u; + Awu, with

Aup = —n- VoI ()

wheren is a learning rate also referred totame stefdn the ITK [6] implementation.

2.1 Application to the mean square error metric

The simple case of a mean square error metric can be considered in a first time for applying the concepts of
Section2. In this case the metric can written as

MSE(u IQ\/ m(x +u(x)) — f(x))*dx (6)

wherem (f) stands for the moving (fixed) image intensity function artet) is the displacement field ix

The derivative in Equationl] is equal to

OMSE(u + ¢h)
Oe

|Q\ / m(x +u(x)) — f(x)) - Vm(x + u(x)) - h(x) - dx @)
e=0
By identifying Equation 7) with Equation 8), the metric flow for the MSE metric appears as

ST (x) = |§12| (m(x+u(x)) - f(x)) - Vm(x + u(x)) (8)

This equation reminds from an optical flow equation except that the denominator has been omitted. Cachier
[1] has shown that the denominator of Thiron’s evolution equation can be obtained by a second order ana-
lyze.
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2.2 Application to the mutual information metric

The same approach can be applied to the mutual information metric. Mutual information is computed from
the jointp/™ and marginalg’ andp™) histograms of the fixed and moving images using

MI =" p/™(i1,iz)log(p!™ (i1, i2))
i1i2 (9)

—Zp i2) log(p Zp i1) log(p’ (i1))

From ), the derivative of {) can be computed a& 3| (Eq. 23)

f7
Tog <Pu+5h(21a lQ)) (10)
e=0

pu-i—sh (22)

a]\4111—|—eh

8p£7-Teh (i1, i2)
OJe - Z

Oe

e=0 11,82

Mattes P] has proposed the following estimator of the joint probability density function (PDF) between the
fixed and moving image.

Pl (i, d2) = / B (f(x) —i1) B (m(x + u) — ip)dx (11)

Using the estimator of Equatioi ), the derivative regardingcan be expanded as
OMIuten = 1/ Vm(x + u)s{™(x) h(x)dx (12)

Oe Q[ Jo
=0 oM (x)
wherer!,™ (x) is defined by
u Zl> Z2) 1 . 3/ .

w0 = g Zl Sy ) B 6 —i)B (x4 w) —i2) (13)

Equationsl2 and13 show that the mutual information flow is the product between the moving image gra-
dient (as in the case of the MSE metric) multiplying a weighted sum over all bins of the joint PDF variation
generated by theh variation in the displacement field.

3 Projecting the metric flow for prior transformation models with the trans-
formation jacobian

In this section, a connection is established between the metric flow and the derivative for a given transfor-
mation model which uses tleetJacobian() of theitk::Transform base class.

In the following, we assume that the transformatiofx, {p; }) can be developed at a coordinatesing a
first order development

IIZ

s OT(x)
; =~ Apy (14)

Transformation jacobiqndéka (z)
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where the{p;} designate the transformation parameters. Equafignkrings also forward the concept of
transformation jacobian as it is described in the ITK Software GuitiéSection 8.8.2).

The total displacement at a given iteration of the optimization procedure is the sum of the current displace-
ment field and the variation of the transformed coordinate

() = (T(x) + AT(x)) — x = u(x) + AT(x) (15)

Instead of looking for a dense deformation field, classical numerical optimization schemes look at each
iteration for the gradient of the metr&regarding the transformation parameters. Using the approximation
of Equation (L4), this gradient can be computed by

0Z(u(x) + AT(x . ) i
e o )

:MA%@J

Equation (6) show that the derivative of the metricis simply equal to the scalar product between the
metric flow and the transformation jacobian. This result confirms the intuition that both approaches should
be linked since they both result from a first order analysis of the metric variations. In the metric flow case,
the variation of the metric is prompted by a continuous perturbation funatidén the parametric case, the
variation is prompted by discrete perturbation of the vector of transformation parameters.

For speeding up the computation of Equati@f)( the continuous integral can be approximated by random
samples scattered uniformly over the fixed image domain

0Z(u(x) + AT(x
Opx

qu xi) - Ji(xi) (17)

3.1 Example : translation transformation

In the case of a translation transform, the jacobian of the transformation is the identity matrix.

%S)ZMM@MQJM@M@JM@ﬁmJ:h a8)

Injecting this expression of the transformation jacobian in Equatiéplé€ads to

0Z(u(x) + AT(x
ot m,/(b - érdx (29)

wheret;, stands for the translation parameterinz andé;, () designates th&é' basis vector. This shows
that in the case of a translation transform, the metric gradient as implemented currently in ITK can be seen
as an average of the flow vectoB pver the entire image domain.

3.2 Local transformations

A simple distinction can be made among the large number of transformation models : one the one hand,
global transformationsan be defined as transformations whose each parameter acts on the entire image
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domain, on the other harldcal transformationsare transformations whose each parameter acts only on a
region of the fixed image domain.

On an implementation point of view, the main difference for computing the metric derivative as described
in Section3 is the sparse appearance of the transformation jacobian. Indeed, in the case of a local transfor-
mation, only a few subset of parameters acts on a given coordinate of the fixed image domain. Therefore,
including in ITK a support for dealing with a sparse representation of the transformation jacobian could
provide a speed-up in non-rigid registration where this derivative is explicitly computed.

BSpline transformation

Using the notation of Matte®], a BSpline transformation is characterized by the following expression of

the displacement field
_ 3) (X =
u(x) —Zk:pk'ﬁ( )< x > (20)

where the subset dfindices covers the 64 control points nearest taitlteordinate and is the product of
three separate kernels:ipyz.

The 64 non-zero columns of the transformation jacobian at a given pdiave the following aspec8]

du(x) _ [ 3) (X—)\j> ]T
G = |5 (2522) 0.0 @1)

for thex component opy (they andz components follow similarly).

In our implementation, instead of returning a full transformation jacobian, a method called
GetSparseJacobian() returns each non-null column of the jacobian among with the column indice in
the full matrix. The advantage of this representation is to speed up the computation of the metric derivative
when projecting the metric flow on the vector of transformation parameters.

Volumetric mesh transformation

Volumetric meshes are an alternative way of generating a local transformation model.In this approach, the
domain of interest is divided into a mesh of elements.Numerous techniques have been proposed for design-
ing elements which follow accurately the borders of the different structures. These techniques generally
allow to find a compromise between two conflicting requirements : faithful surfaces representation and well
shaped elements (see for instant®, g, 3, 2]).

Inside each element of the volumetric mesh, the displacementfisldstimated by

w(z)= Y uf'Nij(z) (22)

neNodes

whereu? is thel*" component of the displacement for th€ node. N represents the shape function
associated with thet” node. Shape functions are non-null in the element volume only. The shape functions

of a node tends to zero around the other node of the same element. In the case of tetrahedral meshes, the
shape functions are often chosen as linear functions.



4 Helper classes and programming design

The code attached to this submission attempts to integrate the concepts described in this paper into the
current ITK design. The following of this section describes the main features of our implementation.

4.1 Volumetric mesher and Elastic transformation

The itkElasticTransform class implements a generic elastic transformation using the existing
FEM design of the toolkit. The transformation is parametrized by the displacements at the nodes
of a volumetric mesh. The mesh is generated by another object deriving of an abstract class called
itkMesher . As an example two mesh generation schemes are proposed in this paper. A first one (
itkMesherTetrahedrons ) generates a regular grid of tetrahedrons by splitting a lattice of cubes in a
five tetrahedrons patted[. The second {tkMesherTetrahedronsBCC ) starts from two interleaved
regular grids and connects them with tetrahedrons in a red-green pdidkrn [

The mesher object is templated over the image dimension and the type of element used in the volumetric
mesh (tetrahedral elements in the examples in this paper). The elastic transformation is also templated over
the element type (in addition to the coordinate type and the input/output space dimensions like any other
transformation). In the ITK-FEM design, each element is associated with a material property (e.g. linear
elasticity). Such a material property intervenes for including a regularization strategy in the registration
pipeline.

This can be for instance achieved by adding the deformation energy to the cost function passed to
the optimizer. For this purpose, the elastic transformations returns the deformation energy using the
GetDeformationEnergy method. Another possibility is to use a gradient descent approach adding
at each iteration the energy derivative by use ofGatDerivativeDeformationEnergy method.

4.2 Hermosillo mutual information flow

The itkHermosilloMutuallnformationFilter and itkHermosilloMutual-
InformationFunction objects implements the mutual information flow concepts into the ITK
PDE deformable registration design.

At each iteration, the joint probability densities are estimated like in the Mattes implementation by sampling
the fixed image domain and updating the probability densities for the current displacement field.

When theComputeUpdate method is called at each coordinate of the dense deformation field, the varia-
tion of the joint regarding the displacement at this point is computed by deriving EquafipriThe metric

flow is then computed from the PDF derivative using Equatid).(As explained in the next subsection, our
implementation uses an helper class for sharing functionalities with the existing Mattes mutual information
class.

4.3 Mattes mutual information class and helper

Since the computation of this flow is really similar to the computation of the derivative in the itkMattes-
MutuallnformationlmageTolmageMetric, we moved some of the code into an helper class which is used in
common by the Mattes mutual information metric class and the Hermosillo mutual information flow class.



The concept of local jacobian transformation has been added in the new Mattes mutual informa-
tion class for speeding up the computation of the metric derivative. This information is used in the
ComputePDFDerivatives class : only the slices in the joint PDF derivative corresponding to non-

null columns in the jacobian are updated. However, the resulting improvement in computation time does not
yet match the performances reached by a B-Spline transformation, since for this transformation, all jacobian
values are computed only once and stored in memory. This assumes that the jacobian will always return the
same value at a given coordinate for any set of transformation parameters. Even if it is true for B-Spline
transformation and transformation based on volumetric meshes, this property can not be generalized to any
local jacobian transformation.

In the ideal case, the helper class should impleme&eiilow(PointType&) which would be used by

the mutual information flow filter and the mutual information metric when computing the derivative using
Equation (7). However, in the case of the mutual information metric, this would require two iterations over
the random fixed image samples : a first one for updating the probability densities and a second one for
computing the metric derivative. If this is not the problem for the case of the mutual information flow (the
update of probability densities approximated using random samples if far less time consuming that visiting
all the displacement field voxels), it would decrease the performances GttivalueAndDerivative

method in the mutual information metric class. For this reason, only the random sampling of the fixed
image domain, the computation of the moving image derivative at a mapped coordinate and the mapping of
a moving or fixed image intensity to an histogram bin index have been moved to the Helper class.

5 Experiments

This section describes some experiments comparing three algorithms

e The non-rigid B-Spline deformation model with LBFGSB optimizer and Mattes mutual infor-
mation metric (the code is taken from the fil@eformableRegistration8.cxx in the
Examples/Registration/ ITK directory

e The non-rigid FEM deformation model with LBFGSB optimizer and Mattes mutual information

e The mutual information flow algorithm.

The parameters for each of these algorithms are described REBA®OME.txt file inside theBuild/
directory of this submission.

5.1 Sphere to ellipsoid matching

For synthetic experiments, a matching of a sphere to an ellipsoid is proposed. The background-foreground
intensities in the ellipsoid are switched compared to the sphere for simulating a multi-modal registration
experiment. Figurd shows the two images to matched in the first row. The sphere is taken as moving
image and must be deformed to an ellipsoid. The second row of Figptets the sphere deformed by

the three transformation model (B-Spline, volumetric mesh and mutual information flow). For the B-Spline
deformation, we use a grid 6fon the fixed image region (which means a total gri@)fFor the volumetric

mesh, we used the BCC regular tetrahedral mesher with a resolutiénpofels in each dimension for the

two interleaved grids. The three versions of the deformed sphere are stored Builtieesults

directory of this submission. Three tests have been added ©ONfakeLists.txt for ensuring that the

three algorithms always produce identical results on this testing data-set.
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Synthetic fixed image Synthetic moving image

B-Spline deformed sphere \Vol. mesh deformed sphere  Mi flow deformed sphere

Figure 1: Sphere to ellipsoid matching for testing the three different deformation models (B-Spline, volu-
metric model and dense deformation flow). The upper row shows the images to be matched, the bottom row
show the deformed sphere using each algorithm with the target contour in blue.

The code for running this experiment can be found in the fitegistrationFEM.cxx :
registrationBS.cxx andregistrationMIFLOW.cxx in theSource directory.

Figure2 shows the three dimensional displacement field produced by the mutual information flow algorithm.
An important observation from practical experiments is the importance of the number of bins chosen in the

joint PDF estimation. A closer look to Equatiobd) shows potential numerical issues due to?%iﬁ ratio,

amplified by thdog(-) function. Empty bins wherg/™ tends to zero can require the multiplication between
small and large numbers. This problem is not specifically related to mutual information flow but also appears
for computing the derivative mutual information regarding transformation parameters. However in this case,
the effect is attenuated by the averaging of all flow vectors on the support of each basis function.

Since the optimizer for the B-Spline and the volumetric mesh is the same (LBFGSB optimizer), we can plot
the value of the cost function at each iteration to compare the convergence of these two algorithms as shown
in Figure3. Even if the number of parameters is more or less equivalent for both transformation models
(1536 for B-Spline and 1473 for the volumetric mesh), the convergence is faster in this case with a B-Spline
deformation model.

5.2 Lung CT images matching

We also ran the three algorithms on a data-set of CT lung imd@ges/oxels).! For the B-Spline deforma-
tion, we use a grid of on the fixed image region (which means a total gri@dofFor the volumetric mesh,
we used the BCC regular tetrahedral mesher with a resolutiéf pixels two interleaved grids. All com-

These images can be donwloaded at this URL : http://euterpe.tele.ucl.ac.be/Waleo2/insight
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Figure 2: Dense deformation field obtained by mutual information flow matching for a time step of 500 and
250 iterations. The color codes the relative magnitude of the component normal to the slicing plane.

aaaaa

Figure 3: Mutual information plotted at each iteration of the LBFGSB optimizer for a B-Spline deformation
model (lower curve#) and a volumetric mesh deformation model (upper cul)e,The final cost function
value is the same with both deformation models but the B-Spline deformation model converges faster.
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Fixed image Moving image

B-Spline deformed mov. image Vol. mesh deformed mov. image  Mi flow deformed mov. image

Figure 4: Mutual information based matching of two CT respiratory phases using three deformation models
(B-Spline, volumetric model and dense deformation flow). The upper row shows one coronal slice of the
fixed and moving images. The bottom row shows the deformed moving image using each algorithms. Lung
contours in the fixed image are overlaid over the original and deformed versions of the moving image. No
significant difference is observed in coronal views between the three algorithms.

mand lines for generating the results are stored imgéstration-XX.sh (where XX designates the
algorithm) scripts in th®uild directory. All other parameters are contained ind¢ke files and identical
to those used for the previous experiment.

Figures4 and5 show for one sagittal and one coronal slice the results of the three algorithms. The lung
contours in the fixed image are overlaid over the original and deformed moving images. The transformation
to recover is mainly a vertical shift in the bottom slices of the image. The three algorithm are able to provide
a good estimation of the deformation. Some differences appear in areas where the deformation is non-linear
(B-Splines perform slightly better than a tetrahedral elements of a BCC mesh with linear shape functions).
A dense deformation is the most flexible representation of the deformation and mutual information flow
therefore gives a better image-contours match. However, mutual information flow is more sensitive to local
artifacts in the image (like at the bottom right of the slice shown in Figlure

6 Conclusion

This paper has introduced two possible algorithmic contributions for the ITK toolkit.

The first one is to introduce in ITK a new deformation model based on a volumetric mesh with shape
functions like in a finite element approach. The mesh is used as a transformation model and can be plugged
with any similarity metric or optimization method available in the toolkit. Elastic transformation models
raise the possibility to associate mechanical properties with each element of the mesh. Such property is
potentially very useful in the design of regularization strategy : different materials could be used for meshing
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Fixed image Moving image

B-Spline deformed mov. image Vol. mesh deformed mov. image Mi flow deformed mov. image

Figure 5: Mutual information based matching of two CT respiratory phases using three deformation models
(B-Spline, volumetric model and dense deformation flow). The upper row shows one sagittal slice of the
fixed and moving images. The bottom row shows the deformed moving image using each algorithms. Lung
contours in the fixed image are overlaid over the original and deformed versions of the moving image. In
regions where the deformation is non-linear, B-Splines perform slightly better than a BCC mesh with linear
shape functions. Mutual information flow has the best flexibility in its transformation representation and
can render pretty well non-linear deformations. However, mutual information flow is more sensitive to local
artefact’s in the image (see the bottom right of this slice for instance).
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the fixed image region and allow this way an heterogeneous regularization.

The other contribution of this paper is the implementation of a dense deformation field estimation scheme
optimizing mutual information. Since a significant part of this implementation is inspired from the Mat-
tes implementation of mutual information, we propose to use an helper class for avoiding undesired code
duplications.
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