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Abstract

Medical image registration is becoming a more and more Usefuponent of a large number of appli-

cations. The presented method aims to enrich the ITK librEinjs method, called Morphon registration

algorithm, computes a dense deformation field acceptingténfrom different intensity contrasts. This

article presents its implementation within the Insight Ikito

In this paper, we provide a brief description of the algaritfa presentation of the implementation, the
justification of our modified classes and the results givetnbyalgorithm. We demonstrate the algorithm
in application of different images intesity constrasts dirdensions.

Latest version available at ttesight Journa[ htt p: // hdl . handl e. net/ 1926/ 1338]
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1 Introduction

The goal of image registration is to geometrically align timmages. It aims to find a point to point
transformation from one image (called moving or prototypege, namedy, in this paper) to the target
image (called fixed or input imagdr). Many image registration methods were developed in thé pas
years. The ITK library already includes some non-rigid imaggistration algorithms like Demon3, [7],
Block Matching B], B-Spline [1] or Correspondence-Based Software Toolki][ But computing dense
non-rigid deformation fields from images with differentansity contrasts is still a tough challenge. The
main advantages of the Morphon algorithm are its sub-pixetipion and its tolerance to gray levels
variations in the two images but also in one image.

The Morphon algorithm started being developed 4 years agonas presented for the first time if]]
One of the particularities of this algorithm is its metrit:computes the local phase for each voxel of the
image in order to perform the displacement estimation. A@oparticularity of this method is the use of
a certainty matrix in order to add a weighting factor to thgutarization of the computed displacement field.

This paper is divided in three parts. First, a brief desmipbf the Morphon algorithm is given. Then,
the implementation is explained and discussed. Finalbuylte given by the ITK implementation of the
Morphon are presented.
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Figure 1: The Morphon’s pipeline scheme.

2 The Morphon method

The Morphon method is a non-rigid and dense deformation fieffistration method developed at the
Linkdping University in Sweden. This section only givesreeboverview of the algorithm more details can
be found in B, 11].

The images features used to build the dense deformation(fiplare the information found after filtering
the images with directional quadrature filters. The charatics given by the quadrature filters are the local
phase. The directional local phases computed at each vaxebkad for two purposes: an estimation of the
direction and magnitude of the local displacement and aicgytmatrix C) derived from the magnitude of
the filter response and used for field accumulation and regatan.

The Morphon algorithm has a multiresolution approach: aheasolution level, the images, the certainty
matrix and the deformation field are resampled to have afépstie, fixed by a scale parameter. The field
and certainty matrix are iteratively updated in order tdead convergence at each resolution step. For each
iteration, a sequence of operations (illustrated in Fid)ris executed. The most important of them are:

e filtering of the deformedy,
e computation ofl andC;, the increment for the field and certainty,

e computation ofd,, andC}, the accumulated field and certainty based on the incretheandC;, and
on the previously accumulated field and certagyandCs,

e regularization ofl andC,

e deformation ofly based ordy.

In fact, on the first levels fe. where images are the smallest) the computed deformatierguée important
and have a high influence on higher resolution levels. At {hosite, deformations computed on the last
levels have less influence on the global displacement andsaieto compute the local components of the
deformation field.

2.1 The deformation field

The displacement estimation aims to compute a mathemataaformation which, when it is applied to
Im, produces an image as close as possible tolr'he displacement is estimated, for each scale, based on
conjugate products of quadrature filters which computedballphase of each image at each voxel. These
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estimates are performed w directions (whereD is the number of dimensions in the imagd]) [
-in 2D, three filters are sufficient but using four filters usuanproves the results. The increment at each
iteration,d, is estimated as a solution of a least squares problenCaisdestimated with the amplitude of
the filter response.

The field and certainty increments are used to update an adated deformation field:
d/ :daXCa+(da+d|)XC|
a Ca+C|

Notice that the multiplication (defined with the operatohere) refers to “point to point” scalar multiplica-
tion. Therefore, ifa andb are matrices:

(1)

(axb)(x) :=a(x) x b(x) V point x of the images
and ifais a field ando is a matrix

(ag x b)(x) :=aq(x) x b(x) V dimension d and point x of the images

2.2 The certainty field

The response of the quadrature filter is the local phase,ithagasures a local “distance” between the
current voxel and the nearest extreme values. Moreoveeseaigd lines will have a stronger response than
uniform areas. The Morphon method uses the response adw®lits a certainty measure and uses it to
calculate accumulated fields.
The way to update the certainty measure is similar to thergeftion field update. The algorithm computes
a certainty incremer@; at each iteration and accumulates them to the previouslynagiated certainty field
Ca

c - C3+C?

Ca+G

(2)

2.3 The smoothing

The Morphon algorithm uses Gaussian smoothing for two maipgses: to avoid aliasing before down-
sampling the images and to regularize the certainty matmaeh resolution step and the deformation field
at each iteration. For this last purpose, it uses its own $niap operation in order to take the certainty
measure into account: normalized averaging smoothing[&ee

This operation can be resumed with the following pseudecadheregauss_snoot h is the Gaussian
smoothing operation andthe “point to point” scalar multiplication:

A = deformation_field x certainty;
B = gauss_smoot h(A);

C = gauss_snoot h(certainty);

new deformation_field = B/ C

D = certainty x certainty;

E = gauss_smoot h(D);

new certainty = E/C



We can see that the deformations related with a high ceyteneisure have a high influence on the smooth-
ing of their neighbours. In a similar way, the Gaussian smiogt will smooth the certainty weighted by
itself.

3 The implementation

The algorithm has been implemented using the Insight Toolkience, to use it you need to have the
following software: Insight Toolkit 3.6 version or highendiCMake 2.4 version or higher.
To help the users of the source code, some notations and aumere introduced directly in the code.

3.1 Introduction - How to launch

The Morphon’s ITK implementation tries to respect the ITKrisp This method supports images from
different modalities as input.

The main global parametersg the fixed, moving and output images, the number of levelsntimbers of
iterations and the standard deviations on each one of thame)to be specified at runtime. For example the
command

$ ./itkMrphon hand_indata.tif hand_prot.tif out.png 10 1.5 10 1.5 10 4.5 10 4.5
10 4510 2102 10 2 10 2 10 2 10 2 10 3.5 10 2.5

calls the Morphon algorithm with hanehdata.tif, hand prot.tif and out.png parameters as respectively the
fixed, moving and output images. The following numbers ater[ber_of_iterations, standardieviation]
couples. Thus, in this case, there are 13 levels with a spdaifimber of iterations (10 on each of them in
this case) and the standard deviations equal to 1.5, 1.5.. 485 each one of them. Notice that the standard
deviations are given in pixel space and not in real space nliheber of levels is specified by the number of
[number_of_iterations, standarddeviation] couples.

This application needs, at least, the three first parametedsone couple [numbeof_iterations, stan-
dard_deviation] to work correctly.

The given package contains the fixed and moving (which argepted further as the “hands" results) im-
ages. You can also read the "TREADME” file given with the paekéay more information on how to launch
the method.

3.2 The source code and its structure

Because a quite large number of classes and libraries adetaisgunch the program, a “class diagram” is
presented in the sectichl, pagell This is not a complete diagram. Only useful or modified @asand
useful functions or parameters are illustrated in ordeitftr be printable on a single page and to be more
easily read.

The main file

A simple main function is implemented in thai n. cxx file. This function aims to check the parameters,
read the input files, check them and start the pipeline. Timstfon declares the Morphon filter which
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is implemented in thet kMor phonPi pe library. It needs to set the following parametéefore using the
Updat e() Morphon filter's command:

e the moving image, set with the command:
Set Movi ngl mage( Movi ngl mageType* Movi ngl mage ),
e the fixed image:
Set Fi xedl mage( Fi xedl mageType* Movi ngl nage ),
e the number of levels:
Set Level Nunber ( int nlevel ),
e the number of iterations on each level:
SetlterationsNunber( unsigned int *nofit ),
¢ the standard deviations for each level:
St andar dDevi ations(int *nofdev),
e the output image’s name (with its extension):

Set Qut put Name( std::string & QutputName ).

Thei t kMor phonPi pe library contains the largest part of the algorithm, it caméathe global level loop in
theGener at eDat a() function. This loop is basically formed with the pipelineepented in figur&. Notice
that, in the current version of thai n. cxx function, the extension of the output image’s name must be
".png’, for the 2D images, or ".mha’ for the 3D images (but dutd be easily changed with a few code
modifications).

The complex numbers

Intermediate matrices.€., given as the result of the convolution of the images withgiedrature filters and
used to compute the deformation field and the certainty R)atontain complex numbers at each voxels:
M(x) =a-+ jb. There are two possibilities to implement such kind of camphatrixM within ITK. First,

we can construct two matrices, the first containing the real and the second containing the imaginary
part. But this is not efficient at all because the number @rmediate matrices stored is equal to the number
of filters (and there are 4 filters for 2-dimensional images @ifior 3-dimensional images) and all of them
have the same dimensions as the images.

Thus, we decided to adopt the second implementation whickists in defining complex matrices:

typedef typename FilterType:: Conpl exType Conpl exType;
typedef itk::lmage< Conpl exType, |nmageDi nension > Conpl exMatri xType;

WhereConpl exType is defined in the file used to construct filters and make cotieols (see further for
more informations about this point). In this way, we can picela more efficient algorithm.

Notice that the users don't have to see these intermedidiécamg But it's important to explain this partic-
ular point to justify why we had to modify some ITK classses €aplained further).
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Matrices Operation and iterations’ initialization

As presented in the previous sections, we compute somefispepierations to determine matrices
and fields. Thoses are implemented as a particular functibtost of them are implemented in the
i t KMor phonRegi strationFilter library. In addition to compute specific matrices operatidhis library

is used to initialize each iteration (with thai tial i zel teration() function) and to save the quadrature
coefficients (aims to prevent computing them again at eamfation). Thelnitializelteration()

is used to pass those quadrature coefficients to the librdrichwcomputes the deformation field:
i t kConput i nghor phonDef or mat i onFi el d.

The normalized averaging smoothing (presented in sectjois performed at each iteration in the
i t KMor phonRegi strationFilter library in the Appl yUpdat e function. The operations could be done
by calling the smoothing functions wich are declared in tlas<s parentMr phonTool boxFi | t er. This
was done because, this last class is templated over all tagideages and deformation field).

The filters and the convolutions

As said, the Morphon algorithm uses quadrature filters topmden the deformation field. This imple-
mentation uses 49, and 6 %9x9 filters respectively for 2D and 3D images but other filtersildo
be used instead. The filters must be constructed only one (ainthe very beginning of the algorithm)
and passed through the algorithm’s functions as a paramEetkers used by the algorithm are complex
filters and their coefficients are declared as double. To toartsthoses filters we implemented the
i t kBui | di ngMor phonFi | ters library.

By default, this library goes over one of the two files:2D_QuadPhaseFilter.csv or
3D_QuadPhaseFi | t er. csv which contains respectively the coefficients used for thea@® 3D.

For the 2D, thd!" line of the file contains th&h coefficients lines of all filters (thus, 36=8, complex
coefficients), this file contains 9 lines - because of the m@aimension. For the 3D, the file contains 9
lines and all of them contain 486 x®x 9) elements.

Thoses coefficients are used in theGenerateCoefficients() function in the

i t kBui | di ngMor phonFilters library to create filters. The filters are implemented GsdFi | ter
(library itkQuadFil ter) objects inherited from t kConpl exNei ghbor hoodQOper at or library. This is
exactly the same as the classibll ghbor hoodQper at or library except that we changed the line 144 of
thei t kNei ghbor hoodQper at or . h file from

t ypedef std::vector<doubl e> CoefficientVector;
to

t ypedef std:: conpl ex<doubl e> Conpl exType;
typedef std::vector<Conpl exType> CoefficientVector;

This was done to support convolution with complex numbeis emsure better efficiency. To the best of
our knowledge, it was the best way to ensure complex corivolutith a minimum of changes.

The main useful function (except constructor) may be thetion used to access to a filter, declared as:
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Conpl exQperator* Get Conpl exQp( int 1D)

in thei t kBui | di nghor phonFi | ters library, with I D as an id of the filter: an integer between 1 and 4 in
2D (and 6 in 3D) andConmpl exQOper at or is defined as

typedef itk:: QuadFilter<Conpl exType, |mageDi mension > Conpl exQOperat or;

Computation of the deformation field

The deformation field is computed in thek Conput i ngMor phonDef or mat i onFi el d library in the
Conput eUpdat e( const  Nei ghbor hoodType & t, void *gd, const Float O fset Type &of fset)

function. This function computes the deformation field lgcaNotice that the deformations are expressed
in real space (hence, multiplied by the pixel spacing inydimension).

The smoothing

The Gaussian filtering is used to: smooth the images befgesmgling at each resolution step and smooth
the deformation field and certainty matrix at each iterastep. As presented ir2], we implemented 1D
Gaussian filters to have an efficient algorithm. The standierdation of the Gaussian kernels used to
smooth the images were computed to keep as much informatipossible while reducing aliasing. The
standard deviations of the Gaussian filters used to filted#fermation fields and certainty are given as
input to the program (see sectiBrl). The standard deviation is the same for all filters at eaotl.le

The operations presented in S28are implemented in librariyt kConput i ngMor phonDef or mat i onFi el d

in the Appl yUpdat e( Ti neSt epType dt) function.

3.3 The 2D and the 3D cases

The algorithm works on 2D and 3D images. Unfortunately, tBeiSslow. According to us this is due

to the convolution which doesn't have a really efficient impkentation in ITK and, unfortunately, this
algorithm uses 4 or 6 convolutions of the deformed prototiypage at each iteration at each level -with
non separable quadrature filters. In addition, it also regu8 convolutions for the smoothing of the field,
of the certainty matrix and of the squared certainty matFfgr the fixed image, the convolution with the
guadrature filters are only needed for the first iteratioraghdevel because the image remains unchanged
throughout a resoltion level. Thoses convolutions coulalar the slowness of the algorithm specially in
the three dimensional case.

4 Results

The algorithm was tested with 2D and 3D images (which wasedtan a .jpg, .png, .tif, . mha or .mhd
format). The first image tested was the image which was pteden [11]. As illustrated on Figure(c),
the output of the Morphon algorithm on this image is similarthe fixed image. The internal Gaussian
kernels used to smooth images, fields and matrices are nclyeitze same than in the original code. That



(a) fixed image (b) prototype image (c) output image

Figure 2: the hand figures: the fixed, the moving and the outpages

explains the differences between our results and the sgsidsented inl[1].

To illustrate the result of the algorithm on 3D images, weigsteged two intra-patient lung CT im-
ages coming from a respiration correlated sequence (RC-Eigures3(a) and 3(b) illustrate the in-
puts and the result. The images are presented with a vtklizatian platform: MedicalStudio €],
http: //ww. medi cal studi o.org/ ). The blue contours are the result of a simple threshold erotlt-
put image and illustrate the differences between the images

5 Future work

An efficient convolution: an important and one of the most costly operation is the @ation. This
operation takes approximately 70% of the computationag than iteration. It's necessary to have a more
efficient implementation to work on 3D images with resonaltes.

Support for other dimensions For the moment, the method is limited to 2D and 3D imagess &hdue

to the quadrature filters for which the coefficients are oalnputed for 2D and 3D images.

6 Conclusion

This method computes the registration between two imagestkan quadrature filter responses. It computes
a certainty matrix and a deformation field.

The implementation is constructed based on the ITK spiritis Tmplementation works for 2D and 3D
images. To produce efficient algorithm we had to modify sotaeses. It was done in a way that only the
necessary was modified.

7 Remark

During the calculation, the algorithm displays many infatian like the level, the current spacing, etc. But
it also displays a number at the end of each iteration. Thishau is the sum of squared difference (SSD)
between pixels of the image and not the actual metric usedhdyalgorithm to compute the registration.
Thus, you don't have to conclude that because this metrimisigg up, the registration is going wrong.
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(a) Sagittal orientation

(b) Axial orientation

Figure 3: The 3D inputs and output (sagittal and axial oagon): the fixed image (upper left), the moving
image (upper right) and the Morphon’s output (lower left)
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9 Appendix

9.1 class diagram
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]

|
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Figure 4: The simplified Morphon algorithm’s class diagram
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