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Abstract

Studies about brain maturation aim at providing a betteewstdnding of brain development and links between brain
changes and cognitive development. Such studies are dfigteeest for diagnosis help and clinical course of de-
velopment and treatment of illnesses. However, the prawgss fetal brain MR images remains complicated which
limits the translation from the research to the clinical @m In this article, we describe an open-source image
processing toolkit dedicated to these images. In this tbelicious tools are included such as: denoising, image
reconstruction, super-resolution and tractography. Thi Besource program (distributed under CeCILL-B license)
is developed in €+ and relies on common medical imaging libraries such as Imsigolkit (ITK), Visualization
Toolkit (VTK) and Open Multi-Processing (OpenMP).

Keywords: open source software, fetal MRI, image reconstructioctbigraphy

1. Introduction from information provided by DW sequences.

The development of ultrafast 2D acquisition se-
guences has led to significant improvements in the clin-
ical application of fetal MRI (Glenn and Barkovich

Brain maturation is one of the most captivating as-
pects of neuroimaging, particularly in the earliest phases

gf m?turauon 0: fﬁtalhdevelopmentland childhood. TT)e (2006)). However, the slice acquisition time is still very
eve _opment ofthe uman centrg Nervous system De- itical and has to be kept as short as possible to reduce
gins in utero and continues until the end of adoles- the impact of fetal motion on the exam. As a result
cence. The maturation process is character_|zed b_y 8a set of thick 2D slices are generally acquired in clini-
spatio-temporal and very complex heterogeneity, which oo g gies, with motion commonly occurring between
is likely to reflect the successive steps of psycho-motor gjices Overall, the resulting image is limited in its geo-
and cognitive learning of the child (Lenrootand Giedd oyric integrity between slices due to motion, and in its

(2006)). ) ) ) ) through plane spatial resolution.
The non-invasive nature of magnetic resonance imag- )
ing (MRI) provides unique opportunities for in vivo in- Recently, several reconstruction methods have been

vestigation of the developing human brain. Fetal MR| Proposed to cope with this issue for anatomical data
is a valuable complement to prenatal sonography to (Rousseau etal. (2005, 2006); Jiang et al. (2007); Kim
confirm and characterize suspected brain abnormalities®! al. (2010)) and DW dgta (Oubel et al. (2010)). S“t_"
(see for instance Chung et al. (2009): Prayer and Baert S€duently, super-resolution methods have been applied
(2011) for review on fetal imaging). Fetal brain matu- _to fetal MRI to improve the quality of the reconstru_cted
ration can be studied by MRI from the 18th gestational IMages (Rousseau et al. (2010); Gholipour-Baboli et al.
week to term, and relies primarily on T2-weighted and (2010)). Such reconstruction methods_ are essential
diffusion-weighted (DW) images. 3D detailed evalua- fOr fetal MRI analysis such as atlas building (Habas
tion of the developing brain is crucial since the assess- etal. (2010a)), and foIdlr\g and growth pattern analysis
ment of sulcation is often critical in identifying abnor- (Habas etal. (2011); Rajagopalan et al. (2011)).

malities. In addition, visualization of cortical develop- Moreover, it clearly appears that the currently ex-
ment and maturational steps of the brain may benefit isting open-source image processing softwares are not
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adapted to deal with fetal MRI. In addition to recon- 3. Algorithmic Content

struction algorithms, there is a need to develop news

tools taking into account the specificities of fetal brain ~ The proposed image processing toolkit, namely Baby
MR images for the entire processing pipeline such as, Brain Toolkit (BTK), contains the following image pro-
for instance, segmentation (handling changes in inten- cessing tools:

sity and shape) and tractography (recovering weakly

myelinated fiber bundles) (Studholme (2011)). 1. Non-local |mag§ den0|.smg (Section 3_1),_

In this paper, we present an open-source image pro- 2. 1_%D fetal T2-weighted image reconstruction (Sec-
cessing toolkit primarily dedicated to fetal brain MRI. tion 3.2),
It includes an image denoising algorithm (Coupe et al. 3. Super-resolution algorithm for T2-weighted im-
(2008)), several image reconstruction methods (Oubel ages (Section 3.2),
et al. (2010)) and a probabilistic tractography technique 4. 3D fetal difusion weighted image reconstruction
(Pontabry and Rousseau (2011)). After a brief tech- (Section 3.3),
nical overview of BTK (namely Baby Brain Toolkit), 5. Probabilistic tractography (Section 3.4).

each algorithm is described with figures illustrating re- ) _ _ )

sults on in-utero fetal brain MR data. Image processing ~Results obtained with each algorithm are illustrated
pipelines combining BTK algorithms are presented in With figures to show the ability of the proposed toolkit.
Section 4. Relying on common libraries (ITK, VTK, Fetal MRI data have been obtained on a 1.5 T Siemens
openMP), this proposed toolkit can be easily embed- Avanto MRI Scanner (SIEMENS, Erlangen, Germany)

ded into softwares which provide interactive processing USing @ 6-channel phased array coil combined to the
tools. spine array positioned around the mother abdomen. An

axial spin echo single-shot echo-planar sequence was

acquired in free breathing along 30 non-collinear dif-
2. Toolkit Implementation fusion gradient encoding directions with a b value of

700¢mn?. The following pulse sequence parameters

To make it easily usable for the community, BTK de- |\ ore used: TR6800 ms: TE99 ms: FOV=250x% 250
pends on tools commonly used in medical image pro- mm2; matrix= 128 x 128; 41 contiguous axial slices

cessing such as ITK (itk.org), VTK (vtk.org), OpenMP ¢ 3 51y thickness covering the whole fetal brain; no
(openmp.org), Tclap (tclap.sourceforge.net) and ANN gap; number of excitations 2. The resolution of the T2

(www.cs.umd.edmounfANN). All these libraries can weighted HASTE sequence (TER = 147/3190 ms) is:
be easily installed through a package manager (for in- 745 0 74% 3.45mm.

stance apt-get for Debian distribution or macports for
MacOSX}.

The software compilation process is controlled using
CMake (www.cmake.org). Documentation of the code  Recently, Buades et al. (2005) have proposed a very
can be obtained using Doxygen (doxygen.org). In order efficient denoising algorithm relying on a non-local
to provide the most versatile toolkit as possible, each framework. Let us consider, over the image donajn
image processing algorithm can be run separately from a weighted grapkv that links together the voxels of the
the command line. Although the library is based on the input imagel with a weightw(x,y), (x,y) € Q2. This
use of ITK, the image format used primarily by BTK is weighted graphw is a representation of non-local sim-
NIFTI (nifti.nimh.nih.gov). ilarities in the input imagé. In Buades et al. (2005),

BTK is governed by the CeCILL-B license under the non-local grapkvis used for denoising purpose us-
French law and abiding by the rules of distribution inga neighborhood averaging strategy (called non-local

3.1. Denoising

of free software. You can use, modify gnat redis- means (NLM)):

tribute the software under the terms of the CeCILL-

B license as circulated by CEA, CNRS and INRIA VX € Q. Tnm(X) = Zyea WX, Y)I(Y) (1)
at the following URL: http/www.cecillinfo. The Zyea WX, Y)

sources of BTK can be downloaded at this address:

https7/github.comfrousseadbrain wherew is the graph of self-similarity computed on the

noisy imagel, I(y) is the gray level value of the im-

agel at the voxely and |y, is a denoised version of
lsee the BTK documentation available at this address: |- The weighted graph reflects the similarities betwe_en

hitpsy/github.confrousseaibrairyblobymastefDocumentatiofL atexbtk.pdivoxels of the same image. It can be computed using
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Figure 1: Example of denoising result. First row: a fetal MRib T2-weighted image, second row:ffdsion-weighted image. (a,d) original
images, (b,e) denoised images, (c,ffelience image.

an intensity-based distance between patches (see Coup# the current combined high resolution volume. This

et al. (2008)): is driven by normalized mutual information to provide
, ) robustness to contrast variation induced by motion of

Zweryer (X)) - 1Y) @) the fetal brain with respect to the imaging coil in the

w(x.y) = f

2NBG2 magnet. This motion correction method has been im-
. , plemented in BTK.
whereP;(x) is a 3D patch of the image centered at Moreover, a super-resolution (SR) technique for fetal

voxel x; f is a kernel function {(x) = e in Buade§ brain MR data reconstruction (similar to Rousseau et al.
etal. (2005))N is the number of voxels of a 3D patah;  (2010); Gholipour-Baboli et al. (2010)) is also present
is the standard deviation of the noise ghid a smooth- in the toolkit. As in most of common SR approaches,

ing parameter. Under the assumption of Gaussian noiseye jmage solution is computed by inverting this obser-
inimagesg can be set to 1 (see Buades et al. (2005) for \,ation model:

theoretical justifications).

The implementation included in BTK is fully based Yrs=SIBWsW X+n, for 1<r<n, 1<s<m(3)
on the method described in Coupe et al. (2008). This
denoising algorithm is implemented for 3D images. The
diffusion image sequences are denoised independentl
by applying this filter for each éfusion-weighted image
(see Figure 1 for results on fetal brain MRI).

wheren is the number of low resolution (LR) images
andm is the number of slices of the LR imaggeY, s
Ydenotes the slicsof the LR image, X is the high reso-
lution (HR) imagen, represents the observation noise,
S; is the subsampling matrixg; a blur matrix,Ws and
W, are geometric transformations gih slice of they; s
and of therth low resolution image respectively.

The first approach to form high resolution MR im- The purpose of super-resolution is to remove the ef-
ages of the fetal brain has been recently proposed byfects of the blurring convolution and to increase the
Rousseau et al. (2005, 2006) without modifying the ac- voxel grid density (see Park et al. (2003); Ng and
quisition protocol used in routine. This retrospective Bose (2003); Milanfar (2010) for technical overview
method is based on a registration refined compoundingon super-resolution). To estimate the high resolution
of multiple sets of orthogonal fast 2D MRI slices to ad- image, the observation model is introduced into an in-
dress the key problem of fetal motion. This is achieved verse problem framework which is solved using a vari-
by first globally registering the low resolution images, ational approach. The local regularization is performed
and then applying an iterative slice alignment scheme by computing the sum of the square of the first deriva-
which seeks to refine the 3D positioning of each slice tives of the reconstructed image. The overall cost func-

3
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Figure 2: Details of a reconstructed fetal brain MR imageg§i orthogonal LR images. From left to right: A) original akiow resolution image,
B) reconstructed image using local sparse interpolatiomilai to Rousseau et al. (2006), C) SR reconstruction caupléh non-local denoising.

tion is minimized using a conjugate gradient descent 3.3. Difusion-weighted Image Reconstruction

(using th(_e vnl library) where the parameter space di- A pew technique has been recently proposed by
mension is the number of voxels of the reconstructed gype| et al. (2010) to extend the reconstruction method
Image. of T2-weighted MR images to DW sequences. This
Incorporating a non-local regularization term into the method aims at correcting geometrical distortions, fe-
SR framework can be done by iteratively perform the tal motion, and reconstructing a high resolution 3D DW
SR algorithm and the NLM denoising algorithm (as in image. The goal is to obtain isotropic images with
Manjén et al. (2010)). Figure 2 shows image recon- resolution lower or equal to the in-plane resolution of
struction results obtained with the two reconstruction the data currently acquired in routine. Contrary to the
methods implemented in BTK (local interpolation and method proposed by Jiang et al. (2009), this method has
super-resolution coupled with the non-local denoising the advantage that no specifi¢fdsion model needs to
procedure previously described). It shows one original be assumed. It relies on the use of a groupwise registra-
low resolution image compared to the high resolution tion method, and a dual spatio-angular interpolation by
reconstructed images for axial, coronal, sagittal views. using radial basis functions. We have implemented this
Results obtained with the SR approach compare favor- algorithm into BTK.
ably with the local sparse interpolation approach pro-  Briefly, this method takes advantage of the intensity
posed by Rousseau et al. (2006). It can be especiallydependence between DW images to first obtain their
noticed that the boundaries of brain structures (like the joint alignment. To this end, the DW images are first
cortex) are better recovered. registered to an arbitrary chosen reference by using a
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Figure 3: Orientation distribution functions obtainedrfra reconstructed flusion-weighted image sequence registered to reconsird@e
weighted anatomical image.

transformation model consisting of a set of fuffine from data, such as the ODF (Descoteaux et al. (2007))
transformations applied to each slice independently, and which provides a precise idea of the underlying fiber ar-
mutual information as similarity metric. Then, a new chitecture at every voxel (see Figure 3).
reference is computed by averaging the transformedim- A non-linear state-model is used for the tracking
ages and the process is repeated until the mean squarethodeling and the probabilistic maps of fibers are esti-
error between consecutive reference images is lower mated using a particle filtering algorithm (see Pontabry
than a given threshold. and Rousseau (2011) for details). One of the outputs of
The final difusion weighted sequence is obtained by the algorithm is an estimate of the posterior density of
applying an interpolation scheme relying on the use of the white matter fibers. Fiber bundles are also provided

a spatial ¢) and an angulary) radial basis function: by estimating the Maximum A Posteriori (MAP) from
N_1 the posterior density map.
Y(x, ©) = ZWKP(IX— X (1® — ©1)) (4) Figure 4 shows the estimated fiber bundles (fiber
= tracts in the corpus callosum and the pyramidal tracts)

using the BTK tractography algorithm compared to
the deterministic algorithm implemented in Slicer
[http://www.slicer.org] (FA stopping criterion: 0.06,
step size: 0.5mm). As in Kasprian et al. (2008) and
Zanin et al., due to very low fractional anisotropy val-
ues in the fetal brain, the deterministic algorithm can
only recover short fiber tracts, specially in the corpus
callosum. The probabilistic aspect of the tractography
method implemented in BTK leads to an increase of

3.4. Probabilistic Tractography ) ) the algorithm robustness and allows to recover longer
Tractography methods can be mainly categorized us- fipers.

ing the two following features: the way to use DW-

MRI data (local vs global modeling) and the underlying

mathematical framework (deterministic vs probabilistic 4. Pipelines

approaches) (see Lazar (2010) for a recent review of

tractography methods). This section presents the two examples of image pro-
The tractography algorithm included in BTK is cessing pipelines that can be built using BTK and other

a probabilistic tractography technique (Pontabry and freely available softwares (Slicer, ITKSNAP, dcm2nii).

Rousseau (2011)) relying on the use of Q-ball based The first one is dedicated to the reconstruction of

modeling (Tuch (2004)) within a particle filtering anatomical fetal MRI data (depicted in Figure 5). The

framework (Doucet et al. (2000, 2009)). The reliability corresponding command lines are shown in Figure 6.

of Q-Ball models allows us to extract more information This pipeline consists in: 1) converting the data from

5

wherex = (X, V, 2) are the spatial coordinate8,= (¢, 6)

the spherical coordinatey, is the reconstructed signal

andN is the number of points used for interpolation.
Figure 3 shows the estimated fiber orientation distri-

bution functions (fODF) using such motion-corrected

DW sequence, superimposed on the reconstructed

anatomical T2-weighted image.



Figure 4: Example of tractography results of fiber tractshiea torpus callosum and the pyramidal tracts superimposea renonstructed 3D
anatomical image. First row: BTK probabilistic algoritheecond row: Slicer deterministic algorithm. The seed meg@re shown in yellow ().

DICOM to NIFTI, 2) manual masking of the brain (op- schemes. Figure 3 shows a superposition of estimated
tional step which can improve the reconstruction re- fiber orientation distribution functions (fODF) using a
sults) and image cropping (based on the size of the motion-corrected DW sequence with the corresponding
masks), 3) image denoising, 4) motion correction and reconstructed anatomical T2-weighted image.
super-resolution, 5) reorientation of the image using
landmarks placed using Slicer. Figure 2 shows a re-
constructed 3D image obtained using such a processing

pipeline. This article presents several image processing tools
The second processing pipeline described in which have been put together into an open-source
this section is dedicated to DWI of the fetal brain toolkit, called BTK, dedicated to fetal brain MRI. The
(depicted in Figure 7). The corresponding com- results obtained in this work (in particular the super-
mand lines are shown in Figure 8. It is similar to resolution reconstruction and the tractography algo-
the previous but it includes processing tools ded- rithm) show that such a toolkit might be very useful for
icated to DWI: 1) data conversion using dcm2nii the research community studying the early human brain
(www.cabiatl.corymricro/mricrorydcm2nii.html),  2) development stage.
sequence normalization (the BO image are registered BTK s an on-going projectand we expect to improve
together using fine transforms and then averaged to the robustness of the algorithms through the feedback
produce one BO image), 3) BO image extraction and of the community. Moreover, BTK is hosted on git-
manual masking using ITKSNAP, 4) motion correction hub (github.com) which combines some features of so-
and RBF interpolation to compute the reconstructed cial networking sites with distributed source-control Git
DW sequence, 5) reorientation of the image using land- (git-scm.com). It makes this system highly suited to col-
marks placed using Slicer. This final step (sequence laborative development projects.
reorientation) is very important since it allows the user  Further work concerns outlier detections during the
to visualize the DW data using consistent color coding reconstruction process, such as the ones commonly

6
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Dicom Dicom Dicom
sequence #1 sequence #2 sequence #3

o)
™
- 11 1 3 1 < 3 i 21
g nifti conversion nifti conversion nifti conversion
!
I ana(l.nii.gz | ana(2.nii.gz ana(3.nii.gz
2
3 manual manual manual
i masking masking masking
=
ana0l.nii.gz ana02.nii.gz ana03.nii.gz
mask01.nii.gz 4 mask02.nii.gz mask(3.nii.gz
image cropping image cropping image cropping
ana0l_crop.nii.gz ana02_ crop.nii.gz ana03_ crop.nii.gz
mask01_crop.nii.gz mask02_crop.nii.gz mask03_ crop.nii.gz
image denoising image denoising image denoising
ana0l _crop_nlm.nii.gz ana02_crop_nlm.nii.gz ana03_ crop_nlm.nii.gz
mask01_crop.nii.gz mask02 _crop.nii.gz mask03_crop.nii.gz
4
motion estimation
and reconstruction
ana_reconstructed.nii.gz
= —— B ———
s landmark
5] .
£ creation
%) T
ana_reconstructed.nii.gz
landmarks.fesv
image
reorientation

l ana_reconstructed _oriented.nii.gz

Figure 5: Overview of the processing pipeline for anatomdzta in BTK. Slicer3D (www.slicer.org) is used to converetDICOM data to
NIFTI format and for the placement of landmarks on which isdshthe reorientation of the 3D reconstructed image. TheLSécer for these

steps allows the user to check the orientation consisteatwden the three anatomical images (axial, coronal, ahitt instance). ITKSNAP
(www.itksnap.org) is used to create a rough mask of the I{this step is optional).
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Anatomical
image processing

Examples of command lines
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-1 landmarks.fcsv

Figure 6: Command lines corresponding to the processinglipg for anatomical data in BTK. On the left are shown theckdoused in the
anatomical data pipeline (Figure 5) and on the right theesprond command lines.
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data pipeline (Figure 7) and on the right the correspond canthtines.

ing magnetic resonance imaging: The big bang of brain mappin
Annual Review of Biomedical Engineering 13, 345-368.

Tournier, J., Mori, S., Leemans, A., 2011. fldision tensor imaging
and beyond. Magnetic Resonance in Medicine 65, 1532—-1556.

Tuch, D.S., 2004. Qball imaging. Magnetic Resonance in bledi
52, 1358-1372.

Zanin, E., Ranjeva, J., ConfortGouny, S., Guye, M., Denis,ddz-
zone, P.J., Girard, N., 2011. White matter maturation ofrradr
human fetal brain. an in vivo ffusion tensor tractography study.
Brain and Behavior .

10



