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Abstract

Diffusion-weighted magnetic resonance imaging (DWI) is the use of specific MRI sequences, which uses the diffusion of
Hydrogen atoms to generate contrast and it allows the mapping of the diffusion process of molecules in vivo and reflects
interactions with macromolecules, fibers, and membranes among other. Hydrogen atom diffusion patterns (quantification of
anisotropy) can reveal microscopic details about tissue architecture, either normal or in a diseased state. A special kind of DWI,
diffusion tensor imaging (DTI), has been used extensively to map white matter tractography in the brain. Tractography is a
procedure that is used to highlight neural tracts (axon), its fibers position estimation in brain areas has broad potential implications
in cognitive neuroscience fields. An algorithm based on diffusion tensor Image is developed and implemented in order to evaluate
brain connectivity in different regions of interest. The major objective of this work is represent two-dimensional and three-
dimensional connectivity between areas thereby show the potential of the DTI. Results shows how Connectivity Matrix provides
statistical data on the pattern of anatomical relationships, this connectivity pattern is formed by synapses that represent the cross
correlations and the flow of information.
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1 Introduction

Overall, the nervous system comprises, into two parts: the
Central Nervous System (CNS) and the Peripheral Nervous
System (SNP). The central nervous system consists of the

<] Norma Ramirez Hernandez
norma@n-ramirez.com

Rosaura Hernandez Montelongo
rosaura.hernandez @academicos.udg.mx

José Manuel Cumplido Bernal
manuelcumplido.9 @gmail.com

José Roberto Orozco Gonzalez
betoorozco 95@hotmail.com
' UPM, Polytechnic University of Madrid, Madrid, Spain

Department of CUCEI, University Center and Engineering Sciences,
Boulevard Gral. Marcelino Garcia Barragan 1421, Olimpica,
44430 Guadalajara, Jalisco, Mexico

University of Guadalajara, Guadalajara, Mexico

brain and spinal cord. The brain has long connections between
them that make up the white matter and gray matter (Fig. 1).

White matter is 60% of the brain, they are myelinated nerve
fibers (axons) protected by a myelin sheath that provides elec-
trical isolation processes that allow nerve signals to be trans-
mitted faster [1, 2]. Neural networks created in white matter,
help in the process of memory, learning, cognitive processes
and the development of intelligence [3-5].

In neuroscience, a tractography is a non-invasive,
in vivo 3D modeling technique used to visually represent
nerve tracts using data collected by diffusion MRI (MRI-
DWI). It provides the necessary information to analyze of
nerve fibers (tracts) qualitatively and quantitatively, repro-
ducing their volume and direction. Tracts are not directly
identifiable; hence, experts must use image processing
techniques to detect them, see Fig. 4.

DTI (Diffusion Tensor Imaging) Tractography uses diffu-
sion tensor data and allows 3D visualization of specific white
matter tracts.. Diffusion tensor by white matter can detect the
orientation of axons and the magnitude or degree of anisotro-
py [6-9]. Diffusion is also known as Brownian motion, de-
fined through eq. 1 as follows:
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Fig. 1 Brains Segmentation

¥ = 6Dt (1)

where r2 refers to the mean square displacement of molecules,
t is the diffusion time, and D is the diffusion constant, a con-
stant of proportionality for the particular substance being mea-
sured, in this case the hydrogen atom.

The Diffusion tensor vector matrix is a 3 x 3 matrix. Can
relate to signal strength weighted by diffusion, S, and the
intensity of the signal b 0 s / mm2, SO, described with Eq.2:

Sio — e_(z":)f-y-z zf:X-.v'-zb"-fD"~-f) (2)
where

2 2 g
bij =7 GiG;j |6 (A3 3)

where bij comprises the direction and magnitude of the ap-
plied gradient vector diffusion (Gx, Gy, Gz).

Isotropy refers to the freedom with which water molecules
move through tissues. More obstacles decrease isotropy (anisot-
ropy), but when water molecules move freely, isotropy levels are
high. Isotropy values range from 0 (no isotropy, much hindered
movement) to 1 (total isotropy, free movement). Anisotropy can
be measured in multiple ways, including fractional anisotropy
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(FA). An anisotropy of 0 corresponds to a perfect sphere, while
1 would be an ideal linear diffusion. Well-defined tracts have a
FA greater than 0.2, there are few regions with higher FA (i.e.
0.9). Each isotropy is linked to a predominant orientation axis
(predominant direction of diffusion).

DTI evaluates two parameters, among others:

» Fractional anisotropy (FA), measures the direction of dif-
fusion and detects white matter lesions

* Average diffusivity, measures the extent of diffusion and is
sensitive to ultrastructural damage in white matter.

Our algorithm provides a post-processing directional
information of the image to obtain a matrix relationship
in a brain atlas. This characteristic is important, since
the brain is not formed by modular structures that func-
tion in isolation but rather by distributed neural
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Fig. 2 Methodology flowchart. Use of diffusion tensor imaging to
evaluate brain connectivity
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networks that connect different regions and integrate
them into broad functional networks (i.e. neural connec-
tivity), which we call neuronal connectivity, where, the
integrity and correct functioning of the white matter
(axons, tracts) is essential for the normal development
of any cognitive process. Tracts allow communication
between gray matter and other body parts. They trans-
mit information from different parts of the body to the
cerebral cortex and enable different brain regions in-
volved in cognition to connected (i.e. brain connectivi-
ty). Tracts are not directly involved in the cognitive
process itself, but they still play role by allowing the
different brain regions involved in cognition to remain
connected. Consequently, information flows at an appro-
priate speed. In conclusion, changes in the white matter
can cause changes in cognitive ability [10, 11].

Fig. 3 Brain Atlas AAL
Registration with MRI

Brain connectivity refers to a pattern of anatomical
relationships between areas within a nervous system.
The units correspond to individual neurons, neuronal pop-
ulations, or anatomically separate brain regions. In fact,
intuitive solutions to problems arise when the brain gets
more intense connectivity between its two hemispheres.
Cooperation between both hemispheres increases mental
performance, that is, the ability to actively support the
memory-learning process for longer, with greater produc-
tivity and more efficiently. Analyzing brain connectivity,
including differentiating connectivity by gender [12], is
crucial to understanding neurons and their information
process in the network [13—15].

The aim of this paper is to represent two-dimensionally and
three-dimensional brain connectivity in all brain areas through an
algorithm developed in MatLab (https://www.mathworks.com/).
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Fig. 4 Data visualization
(anisotropy map)

2 Methodology

We followed the methodology depicted in Fig. 2 to create
connectivity matrix that provides statistical data on structural

Fig. 5 TrackVis vs algorithm
development
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relationship In order to carry out the connectivity matrix that
provides statistical data on the structural relationship between
two brain areas of interest (i.e. pattern of anatomical relation-
ships between different units within a nervous system).
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Table 1 Connectivity matrix, symmetric square matrix 116 x 116
1 2 3 4 5 116

1 0 0 126 0 0
2 0 0 0 98 0
3 126 0 0 27 0
4 0 98 0
5 0 0 27 0
116 0 0 0 0 0 0

2.1 Brain atlas

Brain atlases are one of the most effective ways to accurately
locate anatomical and functional structures in patients.

Brain atlas used is the AAL (Automated Anatomical
Labeling) with 116 structures [16, 17]. In order to separate struc-
tures we proceed as shown in Fig. 3, the intensity of each pixel in
the original image (116 intensity) 116 will separate structures.
Intensity levels determine the structure to which it belongs.

2.2 Tractography

Tractography determines the directional pattern of diffusion
tensor imaging using an “anisotropic map” on a 3D coordinate
system in which the color represents the direction, given the
difficulty of representing 2D grayscale images. See Fig. 4.

* Red indicates directions in the X axis: right to left
or left to right.

» Green indicates directions in the Y axis: posterior to ante-
rior or from anterior to posterior.

100
110

20 40 60 80 100

Fig. 6 Brain Atlas Connectivity Matrix. 116 % 116 areas

e Blue indicates directions in the Z axis: foot-to-head direc-
tion or vice versa.

To separate tracts we proceed with the reading of trk file
(trackvis, with the implementation of an algorithm in
MatLab), where you can see that our algorithm obtains the
same results as the commercial as shown in Fig. 5.

2.3 Algorithm

A network is defined by a set of nodes and links between pairs
of nodes. Large brain networks whereas links represent the
anatomical, functional, or effective connections, according to
the data set. Our algorithm implemented with MatLab looks
for the areas and ROIs involved as connectivity between
tracts. This process can be defined as follows:

1. trk file properties retrieved; the trk file is a binary file, with
the first 1000 bytes of the header and the rest as the body.

2. Each scalar properties tract are defined from the trk file, in
order to differentiate them from the matrix.

3. Tract structures are loaded. T = tract number

4. The total size of the tract is read.
ROIs (areas of interest, brain atlas) R = number of ROI is
read

6. Tx vs Rx is evaluated

7. Connectivity matrix is obtained

Table 1 shows the obtained connectivity matrix representing
Fig. 6. These results were validated with Trackvis with identical
results. UCLA_ Multimodal Connectivity Package https://
www.ccn.ucla.edu/wiki/index.php/UCLA_ Multimodal
Connectivity Package

3 Results

Our connectivity matrix provides statistical data on
structural relationship between two areas of interest
(pattern relationships between different units within a
nervous system). This research proposes a tool to help
medical professionals quantitatively validate the results
of a therapy treatment or cognitive-motor treatment. As
seen in Fig. 6, our algorithm calculate the points of the
structure tract so that they can validate the area of in-
terest (ROI),

The first part of the results shows the connectivity among
the 116. The second part shows the segmentation results of
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Fig. 7 Connectivity between 31.Cingulum_Ant L W
areas 68.Precuneus R
73.Putamen L e
67.Precuneus L e
34.Cingulum_Mid R e
29.Insula L e
116.Vermis_10
107.Cerebelum 10 L

95.Cerebelum 3 L
80.Heschl R
76.Pallidum_R
75.Pallidum L
108.Cerebelum_10 R pummm

specific areas (ROI1, ROI2, ROI3, ROI4, ROIS5) as chosen by
users, and the connectivity among them.

3.1 First part

Our algorithm shows the connectivity matrix between each
and every areas of the AAL brain atlas. The area less connect-
ed to other areas is 108 Cerebelum 10 R, whereas the most
connected area is 31 Cingulum Ant L.

The connectivity matrix shows areas from the brain atlas
are more connected to another. As depicted in Fig. 7 and
according to our matrix results, area 108 has the least connec-
tivity with the other areas, namely 3 of 116 (98,100,106).
Conversely, area 31 showed the highest connectivity with oth-
er areas, namely 23 of 116.

Areas with more tracts involved in connectivity are shown in
Fig. 8. As can be observed, 99. Cerebelum 6 L, provides the

Fig. 8 Connectivity by tracks qty.
Most vs less representative

10 15
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greatest total number of tracts involved. Conversely,
Cerebelum 3 L, provides the least total number of tracts involved.

3.2 Second part

Our algorithm can group interest areas designed by the user
and not necessarily a square matrix, i.e.:

ROIl = AALI + ... + AALI0,
ROI2 = AALS57 + AAL72,
ROI3 = AAL59 + AAL8I + AALS2

* There can be no connectivity between ROI1 - ROI2 —
ROI3-ROIS5 with t 4. See Fig. 9 and Table 2.

* The greatest connectivity according to this example is
ROI 2 with t 5. See Fig. 9 and Table 2.

116.Vermis_10 |

109.Vermis 1 2 |

108.Cerebelum 10 R i

95.Cerebelum 3 L |
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Fig. 9 Connectivity matrix non square. Specific ROI vs especific Track
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Table 2 and Fig. 9 introduce our conectivity matrix. As Fig.
9 despicts, t_5 is the hihest connectivity tract, where 90% of
connectivity is in ROI 2 and 10% is in ROI 4.

4 Conclusion

Brain signal and image acquisition techniques have evolved,
thus becoming essential tools for diagnosis and research in
neurosciences. Some of the most important applications in
connectome have been developed in the field of Education,
neuronal connectivity and the changes experienced by the
brain through experience are part of brain plasticity or synap-
tic plasticity (neuronal connectivity) that makes learning
possible.

The structural connectome provides relevant information
on experience and training-related changes in the brain.
Much of what is currently in know of brain connectivity and
operation in distributed neural networks has come from the
hand of neuroimaging, specifically DTI technologies. DTI-
based tracktography makes great contributions to the study
of the structure and functionality of axons.

Tracts allow communication between gray matter and other
body parts, it sends information from different parts of the

Table 2 Nonsquare matrix connectivity nonsymmetrical

roil roi2 roi3 roi4 roi5
tl 40 30 0 0 10 80
2 0 40 0 40
3 40 40 10 0 90
t4 0 0 0 30 0 30
t5 0 90 0 10 0 100

body to the cerebral cortex. Even though tracts are not directly
involved in the cognitive process itself, they allow different
brain regions involved in cognition remain connected.
Consequently, information flows rapidly. Track integrity and
its proper operation is essential for the normal development of
cognitive functions (e.g. attention, memory, ultimately, for
any cognitive process).

DTT applies to any condition that is likely to create an
anomaly in the tracts, such as multiple sclerosis, Alzheimer,
mild cognitive impairment or simply normal aging.
Tractography by diffusion tensor calculus is the only method
available today to evaluate cerebral white matter tracts in vivo.
This field (tractography) opens a range of possibilities, espe-
cially for mental disorders that have traditionally been consid-
ered as lacking a structural brain base. Analyzing of the effects
of brain damage on cognition helps to understand these ana-
tomical and functional relationships, noting the many ways
that can disintegrate cognition. Finally, neuroimaging technol-
ogies remain promising alternatives for solving important
questions in neuroscience.
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