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Abstract

Medicd image registration is becoming a more and more useful componrent of a large number of appli-
cations. The presented methodaimsto enrich the ITK library. This method caled Morphonregistration
algorithm, computes a dense deformation field accepting inputs from diff erent intensity contrasts. This
article presentsits implementation within the Insight Toolkit.

In this paper, we provide abrief description of the dgorithm, a presentation of the implementation, the
justificaiion df our modified classes andthe results given by the dgorithm. We demonstrate the dgorithm
in applicaion o diff erent images intesity constrasts and dmensions.

Latest version available & the Insight Journal [ htt p: // hdl . handl e. net/ 1926/ 1527]
Distributed uncer Creaive Commons Attribution License
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1 Introduction

The goa of image registration is to geometricdly aign two images. It aims to find a point to pant
transformation from one image (cdled moving o prototype image, named Iy in this paper) to the target
image (cdled fixed or inpu image: Ig). Many image registration methods were developed in the past
yeas. The ITK library already includes some nortrigid image registration algorithms like Demons [3, 7],
Block Matching [8], B-Spline [1] or Correspondcence-Based Software Todkit [10]. But computing dense
nonrigid deformation fields from images with different intensity contrasts is dill atoughchallenge. The
main advantages of the Morphon algorithm are its sub-pixel predsion and its tolerance to gray levels
variations in the two images but also in orne image.

The Morphon agorithm started being developed 4 yeas ago and was presented for the first time in [6].
One of the particularities of this agorithm is its metric: it computes the loca phase for ead voxel of the
image in order to perform the displacement estimation. Ancther particularity of this method is the use of
a cetainty matrix in order to add aweighting fador to the regularizaion d the computed displacement field.

This paper is divided in three parts. First, a brief description o the Morphonagorithm is given. Then,
the implementation is explained and dscussed. Finally, results given by the ITK implementation o the
Morphonare presented.
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Figure 1. The Morphoris pipeline scheme.

2 The Morphon method

The Morphon method is a nonrigid and dense deformation field registration method ceveloped at the
Linkoping University in Sweden. This sdion orly gives abrief overview of the dgorithm more detail s can
be foundin [6, 11].

The images fedures used to buld the dense deformation field (d) are the information found after filtering
the images with diredional quadrature filters. The charaderistics given by the quadrature filters are the locd
phase. The dirediona |ocd phases computed at ead voxel are used for two purposes. an estimation o the
diredion and magnitude of the locd displacement and a catainty matrix (C) derived from the magnitude of
thefilter resporse and wsed for field acaimulation and regularization.

The Morphonalgorithm has a multiresolution approach: at ead resolution level, the images, the cetainty
matrix and the deformation field are resampled to have aspedfic size, fixed by a scde parameter. Thefield
and certainty matrix areiteratively updated in order to achieve convergence a ead resolution step. For ead
iteration, a sequence of operations (ill ustrated in Figure 1) is exeauted. The most important of them are:

o filtering d the deformed Iy,

computation o d; and C;, the increment for the field and certainty,

e computation o d/, and C}, the acumulated field and certainty based onthe increment d; and C;, and
on the previously acaimulated field and certainty d, and C,,

reguarizaion o d; andC,,

deformation d Iy based ondy,.

Infad, onthefirst levels (i.e. where images are the small est) the computed deformations are quite important
and have ahigh influence on higher resolution levels. At the oppdasite, deformations computed onthe last
levels have lessinfluence on the global displacement and are used to compute the locd comporents of the
deformation field.

2.1 The deformation field

The displacement estimation aims to compute amathematicd transformation which, when it is applied to
Im, produces an image & close & posshle to Ig. The displacanent is estimated, for ead scae, based on
conjugate products of quadrature filters which compute the locd phase of ead image & ead voxel. These
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estimates are performed in 20+ giredions (where D is the number of dimensions in the image, [4])

-in 2D, threefilters are sufficient but using four filters usually improves the results. The increment at ead
iteration, d; is estimated as a solution d aleast squares problem and C, is estimated with the amplitude of
the filter resporse.

Thefield and certainty increments are used to updite an acawmulated deformation field dy;:
. da X Ca+ (da+d|) X C|
a Ca+G

Notice that the multi pli cation (defined with the operator x here) refersto “point to pant” scdar multiplica
tion. Therefore, if a and b are matrices:

@

da

(ax b)(x) :=a(x) x b(x) V point x of theimages
andif aisafield and b is amatrix

(ag x b)(x) 1= aqg(x) x b(x) V dimension d and point x of the images

2.2 The certainty field

The resporse of the quadrature filter is the locd phase, thus it measures a locd “distance” between the
current voxel and the nearest extreme values. Moreover, edges and lines will have astronger resporse than
uniform areas. The Morphon method ses the resporse anplitude & a cetainty measure and uses it to
cdculate acamulated fields.
The way to update the cetainty measureis smilar to the deformation field update. The dgorithm computes
a cetainty increment C at ead iteration and acaimulates them to the previously acauimulated certainty field
Ca:
%ZQ+§
Cat+G

)

2.3 The smoothing

The Morphonagorithm uses Gaussan smocthing for two main purposes. to avoid aiasing before down-
sampling the images and to regularize the cetainty matrix at ead resolution step and the deformation field
a ead iteration. For this last purpose, it uses its own smoathing operation in order to take the cetainty
measure into acournt: normalized averaging smocothing (see[5]).

This operation can be resumed with the following pseudo-code, where gauss_snoot h is the Gaussan
smoathing operation and x the “point to pant” scdar multiplicaion:

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

C = gauss_snoot h(certainty);

new deformation field = B/ C

D = certainty x certainty;

E = gauss_snooth(D);

new certainty = E/ C



We can seethat the deformations related with a high certainty measure have ahighinfluence on the smoaoth-
ing d their neighbous. In asimilar way, the Gausdgan smoathing will smocth the cetainty weighted by
itself.

3 The implementation

The dgorithm has been implemented using the Insight Toolkit. Hence to use it you reed to have the
following software: Insight Toadlkit 3.6 version a higher and CMake 2.4 version a higher.
To help the users of the source @de, some notations and comments were introduced diredly in the code.

3.1 Introduction - How to launch

The Morphoris ITK implementation tries to resped the ITK spirit. This method suppats images from
diff erent modaliti es asinpu.

Themain global parameters (i.e. the fixed, moving and ouput images, the number of levels, the numbers of
iterations and the standard deviations on ead ore of them) have to be spedfied at runtime. For example the
command

$ ./itkMorphon hand_i ndata.png hand_prot.png out.png 10 1.5 10 1.5 10 4.5 10 4.5
10 4510210 2 10 2 10 2 10 2 10 2 10 3.5 10 2.5

cdlsthe Morphonalgorithm with hand_indata.tif, hand_prot.tif and ou.png parameters as respedively the
fixed, moving and ouput images. The following numbers are [number_of _iterations, standard_deviation]
coupes. Thus, in this case, there ae 13 levels with a spedfied number of iterations (10 onead of them in
this case) and the standard deviations equal to 1.5, 1.5, 4.5, .. on eat ore of them. Notice that the standard
deviations are given in pixel space ad nd inred space The number of levelsis edfied by the number of
[number_of _iterations, standard_deviation] coupes.

This applicaion reels, a least, the three first parameters and ore coude [number_of _iterations, stan-
dard_deviation] to work corredly.

The given package oontains the fixed and moving (which are presented further as the “hands’ results) im-
ages. You can aso read the "README” file given with the padage for more information on hav to launch
the method

3.2 The source code and its structure

Because aquite large number of classes and libraries are used to launch the program, a “classdiagram” is
presented in the sedion 9.1, page 11. Thisis not a cmplete diagram. Only useful or modified classes and
useful functions or parameters are ill ustrated in order for it to be printable on a single page and to be more
eally real.

The main file

A simple main function is implemented in the mai n. cxx file. This function aims to ched the parameters,
real the inpu files, ched them and start the pipeline. This function dedares the Morphonfilter which
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isimplemented in the i t kMor phonPi pe library. It needs to set the following parameters before using the
Updat e() Morphonfilter's command:

e the moving image, set with the command:

Set Movi ngl mage( Movi ngl mageType* Movi ngl mage ),
e thefixed image:

Set Fi xedl mage( Fi xedl mageType* Movi ngl mage ),
e the number of levels:

Set Level Number ( int nlevel ),
o the number of iterations on ead level:

SetlterationsNunber( unsigned int *nofit ),
e the standard deviations for ead level:

St andar dDevi ations(int *nofdev),
e the output image’'s name (with its extension):

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

Thei t kMor phonPi pe library contains the largest part of the dgorithm, it contains the global level loopin
the Gener at eDat a() function. Thisloopisbasicdly formed with the pipeline presented in figure 1. Notice
that, in the aurrent version d the mai n. cxx function, the extension o the output image’'s name must be
".png, for the 2D images, or '.mha for the 3D images (but it could be eaily changed with a few code
modificaions).

The complex numbers

Intermediate matrices (i.e., given astheresult of the cnvdution o the images with the quadrature filtersand
used to compute the deformation field and the cetainty matrix) contain complex numbers at ead voxels.
M(x) = a+ jb. There ae two posshiliti es to implement such kind o complex matrix M within ITK. First,
we can construct two matrices, the first containing the red part and the second containing the imaginary
part. But thisisnaot efficient at all because the number of intermediate matrices dored is equal to the number
of filters (and there ae 4 filters for 2-dimensional images and 6for 3-dimensional i mages) and all of them
have the same dimensions as the images.

Thus, we dedded to adopt the secondimplementation which consists in defining complex matrices:

typedef typenane FilterType:: Conpl exType Conpl exType;
typedef itk::lmage< Conpl exType, |nmageDi nension > Conpl exMatrixType;

Where Conpl exType is defined in the file used to construct filters and make convdutions (see further for
more informations abou this point). In this way, we can produce amore dficient algorithm.

Noticethat the users dorit have to seethese intermediate matrices. But it’s important to explain this partic-
ular paint to justify why we had to modify some ITK class®s (as explained further).
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Matrices Operation and iterations’ initialization

As presented in the previous dions, we compute some spedfic operations to determine matrices
and fields. Thoses are implemented as a particular function. Most of them are implemented in the
i t KMor phonRegi strationFilter library. In additionto compute spedfic matrices operations, thislibrary
isused to initialize eab iteration (with the I nitial i zelteration() function) andto save the quadrature
coefficients (aims to prevent computing them again at ead iteration). The I nitializelteration()
is used to pass those quadrature aefficients to the library which computes the deformation field:
i t kConput i ngMor phonDef or mat i onFi el d.

The normalized averaging smoathing (presented in sedion 1) is performed a ead iteration in the
i t KkMor phonRegi strationFilter library in the Appl yUpdat e function. The operations could be dore
by cdli ng the smoathing functions wich are dedared in the dasss parent: Mor phonTool boxFi |l ter. This
was dore because, thislast classis templated over al the data (images and deformation field).

The filters and the convolutions

As said, the Morphon algorithm uses quadrature filters to compute the deformation field. This imple-
mentation wses 4 9x9, and 6 9x9x9 filters respedively for 2D and 3D images but other filters could
be used instead. The filters must be constructed orly one time (at the very beginning o the dgorithm)
and passed through the dgorithm’s functions as a parameter. Filters used by the dgorithm are complex
filters and their coefficients are dedared as doulde. To construct thoses filters we implemented the
i t kBui | di ngMor phonFi | ters library.

By default, this library goes over one of the two filess 2D_QuadPhaseFilter.csv or
3D_QuadPhaseFi | t er. csv which contains respedively the aoefficients used for the 2D and 2D.

For the 2D, the I line of the file mntains the I™" coefficients lines of al filters (thus, 36=4x9, complex
coefficients), this file contains 9 lines - becaise of the second dmension. For the 3D, the file contains 9
linesand all of them contain 486(6x9x9) elements.

Thoses  coefficients ae used in  the CGenerateCoefficients()  function in the
i t kBui | di nghMor phonFilters library to creae filters. The filters are implemented as QuadFi | ter
(library itkQuadFilter) obeds inherited from it kConpl exNei ghbor hoodOper at or library. This is
exadly the same & the dasscd Nei ghbor hoodQper at or library except that we changed the line 144 d
thei t kNei ghbor hoodQper at or . h file from

typedef std::vector<doubl e> CoefficientVector;
to

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

This was dore to suppat convdution with complex numbers and ensure better efficiency. To the best of
our knowledge, it was the best way to ensure complex convdution with a minimum of changes.

Themain useful function (except constructor) may be the function used to accessto afilter, dedared as.
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Conpl exOperat or* Get Conpl exOp( int 1D)

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

typedef itk::QuadFilter<Conpl exType, |nageD mension > Conpl exQperator;

Computation of the deformation field

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

function. This function computes the deformation field locdly. Notice that the deformations are expressed
in red space(hence multiplied by the pixel spadngin every dimension).

The smoothing

The Gaussan filtering is used to: smocth the images before resampling at ead resolution step and smooth
the deformation field and certainty matrix at ead iteration step. As presented in [2], we implemented 1D
Gaussan filters to have an efficient algorithm. The standard deviation o the Gaussan kernels used to
smoath the images were computed to keep as much information as posshble while reducing aliasing. The
standard deviations of the Gaussan filters used to filter the deformation fields and certainty are given as
inpu to the program (seesedion 3.1). The standard deviationis the same for al filters at ead level.

The operations presented in Sec2.3 areimplemented in library i t kConput i ngMor phonDef or mat i onFi el d
in the Appl yUpdat e( Ti meSt epType dt) function.

3.3 The 2D and the 3D cases

The dgorithm works on 2D and 3D images. Unfortunately, the 3D is dow. According to us this is due
to the convdution which doesn’t have aredly efficient implementation in ITK and, unfortunately, this
algorithm uses 4 or 6 convdutions of the deformed prototype image & ead iteration at ead level -with
non separable quadrature filters. In addition, it also requires 3 convdutions for the smoothing o the field,
of the catainty matrix and o the squared certainty matrix. For the fixed image, the convdution with the
guadrature filters are only needed for the first iteration at ead level becaise the image remains unchanged
throughou a resoltion level. Thaoses convdutions could explain the lownessof the dgorithm spedally in
the threedimensional case.

4 Results

The dgorithm was tested with 2D and 3D images (which was dored in a .jpg, .png .tif, .mha or .mhd
format). The first image tested was the image which was presented in [11]. Asill ustrated on Figure 2(c),
the output of the Morphon algorithm on this image is smilar to the fixed image. The interna Gaussan
kernels used to smoath images, fields and matrices are not exadly the 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 output images

explains the diff erences between ou results and the results presented in [11].

To illustrate the result of the dgorithm on 3D images, we registered two intra-patient lung CT im-
ages coming from a respiration correlated sequence (RC-CT). Figures 3(a) and 3(b) illustrate the in-
puts and the result. The images are presented with a vtk visudizaion patform: MedicdStudio ([9],
http://ww. medi cal st udi 0. org/). The blue cntours are the result of a simple threshad on the out-
put image and ill ustrate the diff erences between the images.

5 Future work

An efficient convolution: an important and ore of the most costly operation is the convdution. This
operation takes approximately 70% of the computational time of an iteration. It's necessary to have amore
efficient implementation to work on 3D images with resonable time.

Support for other dimensions: For the moment, the method s limited to 2D and 3D images. Thisis due
to the quadrature filters for which the coefficients are only computed for 2D and 3D images.

6 Conclusion

Thismethod computes the registration between two images based on quedrature filter resporses. It computes
a ceatainty matrix and a deformation field.

The implementation is constructed based onthe ITK spirit. This implementation works for 2D and 3D
images. To produce dficient algorithm we had to modify some dasses. It was dore in away that only the
necessary was modified.

7 Remark

During the cdculation, the dgorithm displays many information like the level, the aurrent spadng, etc. But
it also displays a number at the end o ead iteration. This number is the sum of squared diff erence (SD)
between pixels of the image and nd the adua metric used by the dgorithm to compute the registration.
Thus, you dorit have to conclude that because this metric is growing up the registration is going wrong
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(a) Sagittal orientation

(b) Axia orientation

Figure 3: The 3D inpus and ouput (sagittal and axia orientation): the fixed image (upper l€eft), the moving
image (upper right) and the Morphoris output (lower left)
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9 Appendix

9.1 class diagram
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