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Definition of terms and abbreviations

Term Description

ADC Apparent Diffusion Coefficient, Diffusion strength

Anisotropy The shape of diffusion

B-value The strength of the bipolar gradient pulse, which controls the sensitivity of

the measured data to diffusion

Diffusion The movement of molecules in a liquid due to thermal motion

Fiber A thread or structure of tissue

ps Frames Per Second

IDL Interactive Data Language, a programming language

MR Magnetic Resonance

MRI Magnetic Resonance Imaging.

Pride Philips Research International Development Environment

RAD Rapid Application Development

ROI Region of Interest

Tensor A symmetrical 3x3 matrix of diffusion data

TU/e Technical University of Eindhoven

Voxel A 3D Volume in 3D space, defined by a grid
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1. Introduction

Magnetic Resonance Imaging (MRI) allows to the iz vivo study of human anatomy. This technology
can generate images with high contrast of various tissues and organs. Because MRI can generate these
images without damaging the patient, this technique is often used in diagnostic studies of the head,
spine, joints and cardio-vascular systems.

Magnetic Resonance utilizes the magnetic moment of protons [1] to generate images of an object.
Various scanning techniques are available to generate various types of images. One particular imaging
technique is diffusion imaging (See chapter 2).

A 2D diffusion weighted image consists of pixels and represents a slice of the subject with a certain
thickness. Using the thickness, a stack of images can be taken to represent a 3D volume of the subject
consisting of "3D pixels" or voxels.

In fibers in the human brain, diffusion of water (See paragraph 2.1) is strong in the direction of the
fibers, but weak perpendicular to the fibers. Fiber tracking uses this property to reconstruct fibers
from diffusion measurements. The reconstructed fibers give a unique insight in the human brain,
which allow for various useful applications.

Currently the diffusion scanning resolution is limited. This implies that the only ‘fibers’ that can be
tracked will be relatively large structures of tissue. In reality these large structures are composed of
many smaller fibers. Since the measured diffusion in a voxel is the average diffusion over the entire
voxel, it is possible to track these large structures, as the average diffusion of fiber bundles will still

be oriented.

The use of fiber tracking to track large structures can be useful in various areas. Applications can be:
e A research tool to obtain better knowledge of the structure of the brain.

e A research tool to help map the growth of the fibers in the brain, as a subject increases in age

e Fiber analysis as part of a diagnosis.

e Fiber analysis of a patient as a pre-surgical orientation to minimize collateral damage done by

surgery

Currently fiber tracking is mainly used for the brain. However, other organs such as the spine or
kidneys may also benefit from fiber tracking technology.

Figure 1 shows that constructed fibers are similar to fibers as found in post-mortem studies, which
illustrates the clinical relevance of fiber tracking.

Figure 1 A comparison of fiber tracking results (right) with the anatomical layout (left) of the human
brain
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1.1. Assignment

Philips Medical Systems

Philips Medical Systems (PMS) is one of the world leading manufacturers of medical systems.
The aim of PMS is to provide clinical excellence without compromise to the customer.

The student was an intern at Philips Medical Systems, and as such his goals and requirements are
determined to a large extent by PMS.

The aim of this particular project, carried out in the MR imaging group, was to develop an Fiber
Tracking Tool that can be used for clinical applications.

To achieve this aim, these global steps are taken:

1. Investigate the technical possibilities of fiber tracking and diffusion imaging

2. Create global acceptance for the capabilities and applications of fiber tracking.

By creating a Fiber Tracking tool, and distributing it to Philips’ Clinical Research sites, clinical
scientists will be enabled to investigate possible clinical applications.

3. Clinically prove the capabilities and applications of fiber tracking. This is one of the requirements
of the Food and Drug Administration (FDA) before medical software packages are allowed to be
released for clinical use.

4. Implement a FDA approved fiber tracking tool on the MRI scanner.

~ Assignment

My assignment contains the following items:

e Investigate the technical possibilities of fiber tracking and diffusion imaging.
e Implement a Fiber Tracking tool

Related Work

Diffusion imaging is a relatively new MRI imaging technique. Thus a great deal of research is
currently focussing of diffusing imaging. The proceeding ISMRM of 2001 contains over 180 papers
about diffusion. Relevant articles to this thesis are in particular [5] and [8].

Fiber tracking is an even newer modality, with the first major papers, such as [9] written around 1999.

An initial Fiber tracking tool was provided by others to serve as a start. This tool is summarized in
Appendix A. Improvements of the algorithms are suggested in [4].

Current Problems

Although tools such as the tool in Appendix A exist, there are problems with the usability of these.
tools. They usually work for a few types of datasets, are unacceptably slow, require other tools that
may not even run on the same machine, are console based or not even interactive, etc. In order to get
clinical scientists to use diffusion and fiber tracking tools, and thus possibly discover new clinical
applications, there needs to be a single tool that supports a wide variety of datasets, is quick, is
interactive, is user friendly and is robust. The Fiber Tracking tool should also incorporate already
established diffusion visualization capabilities, so a single tool can provide all the desired
functionality.
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Requirements

Summarizing the requirements for the tool to be developed:

e Many/all dataset types must be supported
By supporting a wide variety of different scans, clinical scientist are not restricted in the type of
scans or hardware they want to use. This will allow for an as wide possible clinical use of the
program. Even scans other than neurological scans should be supported.

e Interactivity is vital
Since Fiber Tracking programs are new, there is no predefined series of user input that will
always lead to the wanted results. The user must be encouraged to experiment with the Fiber
Tracking program. This is done by high interactivity.

e  Algorithm speed is vital
Interactivity is improved if the program responds quickly

* Robustness is important
Fiber tracking can produce anatomically incorrect results. The program should be as robust as
possible and wherever possibly indicate the reliability of the found results.

e User friendliness is important
The program is meant for clinical scientists who do not have a vast amount of computer
knowledge

e  One tool must provide all functionality in one integrated solution
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1.2. Overview
Figure 2 illustrates the fiber tracking process. This thesis is structured similarly to the phases of the
fiber tracking process:

MRI Scanner

Patient > Diffusion > Data Storage E

: Scan _l

Fiber Tracking Tool
Navigation & Region of
Data Loading > Viewing p| Interest (ROD > Fiber > Fiber
& Conversion (3D Model) Selection Tracking Visualization

Clinical
Scientist

Figure 2 Overview of the Fiber Tracking Process

First a diffusion scan is made of a patient in a MRI Scanner. For more information, see paragraph 2.1.

This dataset is loaded by the Fiber Tracking tool. This can be done from the local hard disk or directly
from the scanner via the Pride (Philips Research International Development Environment) interface.
For more information, see paragraph 2.2.

If fibers are tracked in the entire dataset, too many fibers would be found, and the user will be unable
to interpret the visualization. To prevent this from happening, the user must select a limited region of
interest (ROI). In the fiber tracking phase, the fibers are calculated for the ROI with the selected
algorithms. For more information, see paragraph 3.1.

A 3D model is available, where the user can view slices of data, and directly select a ROI in the 3D
model. For more information, see paragraph 4.1.

In the fiber visualization phase, the 3D visualization of the fiber is constructed. It will be shown in the
3D model. For more information, see paragraph 5.4.
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2. Diffusion Imaging

2.1. Diffusion

Diffusion is a fundamental property of liquids: The ability of molecules in liquid to move within it as
a result of the Brownian motion. Diffusion can be shown by dropping a drop of ink in water. The ink
will spread through the liquid as a result of the Brownian motion. Brownian motion results from the
random thermal motion of molecules in a liquid.

Using a special MR technique one can obtain weighted diffusion data [2]. The measured diffusion
data shows in each voxel of several mm’, on a statistical basis, the movement of water molecules in
that area. Because molecules in a liquid travel more quickly when they are not obstructed by
structures, this data gives a unique insight in the structure and geometrical organization of the scanned

object.

By applying a magnetic pulse, the so-called bipolar gradient pulse, the measured data will be sensitive
to diffusion. By varying the axis of the bipolar gradient pulse, diffusion can be measured in different
directions.

Using both data where the bipolar gradient pulse has been applied and reference data measured
without the bipolar gradient pulse, the Apparent Diffusion Coefficient (ADC) can be calculated.
Figure 3 shows the measured data with and without the bipolar gradient pulse.

Figure 3 The image on the left show the measured data when no bipolar gradient pulse has been
applied. The image on the right shows the measured data when a strong bipolar gradient pulse has
been applied.

The ADC is defined as

DWI,
Log (——=)
ADC S __ﬂ& 2.1

value
Where g is the vector describing the axis of the bipolar gradient pulse, and where the scalar DWI, is
the measured signal when the bipolar gradient pulse is applied, and the scalar DWI, is the measured
signal when no bipolar gradient pulse is applied. By is the strength of the bipolar gradient pulse.

Diffusion in a voxel can be described by a symmetrical second order tensor, representable as a three-
by-three real valued symmetric matrix

Dxx Dn sz
D=|D, D, D, 22)
D D D

21 zy Z
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An example diffusion measurement of a slice of the human brain is shown in Figure 4. The various
pictures represent the tensor elements as described above.

X Y 7

Figure 4 Matrix of images: Each image in the matrix represents an element of the diffusion matrix.

All real-valued three-by-three symmetric matrices have three real eigenvalues and corresponding
eigenvectors [3]. These eigenvalues and eigenvectors can be represented as an ellipsoid describing the
diffusion tensor. The ellipsoid’s axes are in the direction of the eigenvectors (v, v, and vs3), and are
scaled according to the eigenvalues (A1, A,, A3). The eigenvectors and eigenvalues are sorted on the
eigenvalue: 4, 2 A, 2 4;. These eigenvectors are called the major eigenvector, the medium

eigenvector and the minor eigenvector or primary eigenvector, secondary eigenvector and tertiary
eigenvector.

Because diffusion is stronger in the direction of a fiber, and weaker orthogonal to this direction, the
major eigenvector should point in the direction of the fiber, while the medium and minor eigenvectors
describe diffusion in the directions orthogonal to the fiber. Figure 5 shows an ellipsoid representing a
tensor and the eigenvectors scaled according to the eigenvalues of the tensor.

Medium eigenveg

Minor eigenvector

Figure 5 Eigenvectors and Eigenvalues give an intuitive representation of the diffusion tensor
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At least six diffusion directions need to be measured to construct the diffusion tensor. In case the
shape of diffusion in a voxel is complex and non-ellipsoidal, more than six measurements of different
directions are required to properly represent the shape of the diffusion in this voxel. Although a tensor
is an inadequate model for complex diffusion shapes, in the current tool it is still the model used for
scans with more than six directions. This is done because all algorithms assume that eigenvalues and
eigenvectors exist. The additional information that multiple directions provide is used to calculate a
tensor that is less influenced by noise.

N > 6 measurements in different diffusion directions are performed on the scanner. From the
measured data, the tensor is derived by

d=(H"H]'HTS
where d = (Dm D, D _D,D,D, )T;

hgl
- (2.3)

2.1.1. Introduction to Anisotropy

The term anisotropy describes the shape of diffusion in a voxel, as illustrated in Figure 6. Anisotropy
is high when diffusion varies greatly as a function of direction. Anisotropy is low when diffusion is

isomorphic or varies little.

Free
Diffusion

Low
Anisotropy

Restricted
Diffusion

High
Anisotropy

Figure 6 Diffusion is anisotropic in fiber bundles

Anisotropy in an important property of diffusion in MRI. Anisotropy images give important
information to a clinical scientist. New imaging methods using anisotropy are discussed in paragraph

5.32and 5.3.1.
Anisotropy is also used during fiber tracking as discussed in paragraph 3.4.



August, 2002 Interactive Fiber Tracking & Visualization Page 12 of 53

2.2. Data Handling

The Fiber Tracking Tool supports loading datasets in several formats.

2.2.1 Scanning Techniques

In order to calculate a tensor, at least six diffusion directions need to be measured. There are four
types of scanning techniques on a Philips MRI scanner to scan diffusion over six directions:

e Default scanning technique (Non Overplus)

e Improved scanning technique (Overplus)

e A custom predefined scanning technique

e A custom manually entered scanning technique

Two other types of scanning techniques have the possibility to scan more then six directions. See
Appendix B for more information.

2.2.2. Data Loading

A dataset that is imported consists of:

o  DWIj, images

e DWI, images for each diffusion direction g measured

e Parameters, such as pixel size, slice thickness, B, and slice orientation

In order to convert the images to tensors, the user must manually enter several other parameters, since
these are not available via the Pride interface. See Appendix B for more information.

2.2.3. Internal Data Storage

The patient coordinate system is the coordinate system that is relevant to the clinical scientist.

Thus visualizations must be shown in the patient coordinate system. It is however inefficient to
transform the data fully into the patient coordinate system, since this possibly requires a rotation other
than 90°, 180° or 270°. The voxel cube will not be axis-aligned after such an rotation, leading to
increased memory usage, as illustrated in Figure 7. Therefore the tensors are stored in the APAT
coordinate system. The APAT coordinate system is the same as the patient coordinate system, except
for a rotation Tang. Tang is always a rotation, so the 3D Model that visualizes the slices, ROIs and fibers
is rotated according to this rotation, in order to present the data in the patient coordinate system to the
user. Also when color mappings are calculated, T,,, rotates the tensors used before calculating the
color, since color mappings must also be in the patient coordinate system.

Voxel positions are defined in the memory coordinate system defined in (3.5). See paragraph 3.2.4 for
more information.

Figure 7 The left image show a 2D dataset that is axis aligned. The right image shows the same 2D
dataset that is not axis aligned. The grey area represents wasted computer memory.
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Implementation

To improve memory usage, only six measured signals are stored in memory. If there are more than six
directions measured, these are reduced to six measurements by first calculating the tensor, and then
reconstructing virtual measured signals using measurement directions from the Muthupallai scheme
[10].

Apart from the measured signals the DWIp, images are also stored in memory, since these are required
for proper interpolation (See paragraph 2.3).

The user can load an optional anatomical dataset, which is used for visualization.
Provided that this anatomical dataset has the same resolution as the diffusion dataset, the memory
requirements can be calculated:

Resolution Memory required
128x128x20 | 9.375 Mb
128x128x40 | 18.75 Mb
256x256x40 | 75 Mb

Table 1 Memory requirements for storing typical datasets
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2.3. Interpolation

The fiber tracking algorithm benefits from being able to determine the tensor at any arbitrary position
in the dataset, hence interpolation of the discrete data is required. Normally the scanner interpolates
the dataset before it is exported or saved, but there are several problems with this approach:

e Only slices are interpolated, there is no interpolation between slices

e Interpolating before data loading will increase both disk space and memory usage significantly

e The tensor for an arbitrary position still needs to be calculated.

These problems can be overcome by not interpolating on the scanner, but by interpolating in the Fiber
Tracking tool.

Using linear interpolation directly on the measured data corresponds with the physical reality. This is
an algorithm that is already in use on the MRI scanner for some time. Interpolation of ADCs, tensors
or eigenvectors would yield incorrect results. This is the reason why not the tensors are stored in
memory, but the measured data instead.

Calculation of the interpolated eigenvalues and eigenvectors is done by:
1. Trilinear interpolation is performed on the measured data

2. The tensor is calculated from the measured data, see equation (2.3).
3. The eigenvectors and eigenvalues of the tensor are calculated

A consequence of this approach is that the eigenvectors and eigenvalues can not be calculated during
the loading of the dataset, but on the fly, which will reduce the speed of the program.

Note that using smoothing (bilinear filtering) on an anisotropy image is incorrect, and should be
avoided if two neighboring tensors differ greatly. This is due to the same reasons as why interpolation
of the tensors or eigenvectors is incorrect.
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3. Fiber Tracking

3.1. Fiber Tracking

A common technique to visualize tensor fields is to use an icon that represents the eigenvectors. The
main problem of this technique is that the display will be too crowded if many icons are used, and
hence it will be very hard for the viewer to get structural information of the scanned subject.

Only a subset of the diffusion data can be shown, in order to prevent overcrowding of the display.
This can be done via fiber tracking. Fiber tracking is the process of constructing a visual
representation of fibers out of tensor data. The fibers show insight in the major diffusion direction.
Constructed fibers are similar to the actual fibers in the human brain, as is shown by Figure 1. The
analogy between anatomical and constructed fibers makes fiber tracking a particular interesting
technique for clinical scientists.

Fiber tracking initiates from a seed point that may be placed by the user. By tracking the major
eigenvectors, the fibers passing through the region of interest can be found. These fibers provide
better insight in the anisotropic structures of the object and can be used to provide this information to

the user.

Figure 8 Fiber tracking tracks the major eigenvectors in voxels
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Since interpolation can be used to calculate the tensor at arbitrary positions, fiber tracking can be
implemented by numerically integrating a differential equation.

If V is a vector field of major eigenvectors of a tensor field D

vV ={lp)i Dylp)=2,vp)}

then B(I) = E(O)+ ]Z(E(’f))dt

defines the fiber in one direction over a distance given by the parameter t, provided that V has been
compensated for flipped vectors™ because vectors are symmetrical, they may be inverted in the
direction you want to track the fiber in, as illustrated in Figure 9.

C —— > —>

Figure 9 Major eigenvectors may be the opposite of the direction expected

(3.1)

In order to cope with this problem the new vector should be compared with the previous vector used
in the numerical integration. If the angle between these vectors is greater than 90°, then the new vector
must be inverted.

Normally a fiber is tracked from a seed point. This tracking occurs in two directions: The direction of
the major eigenvector and the opposite direction of the major eigenvector. There are two main factors
that influence the length of the fiber and the equivalence between the real and the reconstructed fiber:
e The algorithm used to numerically integrate the differential equation.

See paragraph 3.2 for more information
e The termination criteria that determine when to stop fiber tracking

See paragraph 3.3 for more information
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3.2. Numerical Integration of a Differential Equation
A single fiber is tracked from an initial point by numeric integration of the differential equation
(83.1), [71, [8]. If p, is the initial point, then the relationship between two points p, and p,,; on the
integration path can be summarized by the equation
pn+1 :pn+srn+l (32)
where s is the step size. r, is defined differently whether Runge-Kutta is used or Euler's method
is used to numerically integrate the differential equation.

3.2.1. Euler’s Method

ng pul r' mathad » 1icde lued as

S LIV, 7 h 10 uLL

Ty = szgn(V(pn er,)V(p,) forn>0
r, =V(p,) or =V (p,) In order to track both sides of the starting point (3.3)
where sign(x)= { Lif x20

-Lifx<0

V(x) is the eigenvector in point X, adjusted to the voxel size (See §3.2.4). The next point is defined by
basically translating the current point along its eigenvector, or the opposite direction of its eigenvector
in case the angle between the previous eigenvector and the current eigenvector is greater than 90°.
Although Euler's method may appear to be an intuitive method, it is an inaccurate method as is shown

in the next figure:

Figure 10 The problem with Euler’s method

Even though the direction of the arrow is the direction of the line in its corresponding point, there is a
big error in the result of Euler's method. The step's error is Os”), thus be decreasing the step size; the
accuracy can be increased.

A method that is more accurate for larger step sizes is the Runge-Kutta method.
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3.2.2. Runge-Kutta Method
Using the Runge-Kutta method, r, is defined as

T =%(k1 +2k, + 2k, +k,) forn=0

r, =V(p,) or =V (p,) In order to track both sides of the starting point
where k, = sign(V(p,)er, Wip,);

sk,

k, = sign(V(pn + 5
L 2

Yer, )V(pn +S7k‘); (34
/
A

k k
k, = sign( V(p, + 22 Yer, )V(pn +—S—2—2—);

k, = sign(V(pn +sk;)er, )V(pn +5k5);

, Lif x>0
sign(x)= ~Lifx<0

The used Runge-Kutta method is the classical 4™ order Runge-Kutta method, with a small change
made in order to make all vectors have an angle of less than 90°, since diffusion is symmetrical.

The Runge-Kutta method requires the calculation of four times as many eigenvectors, and is thus:
about four times as computationally expensive as Euler’s method for the same step size. The step’s

error for the Runge-Kutta method is f s),

3.2.3. Comparing Euler’s Method and Runge-Kutta

When comparing Euler’s method and Runge-Kutta, the following test was used:

Calculate the real’ fiber path using a very small step size. Then by changing the step size gradually,
find the step sizes at which Euler’s method and the Runge-Kutta method start deviating visibly from
the real’ fiber path.

The result depends to quite a high degree on the dataset used. For a 128x128x60 dataset, there was
very little difference between the two methods. For Euler the maximum step size was about 0.3 voxel,
while for Runge-Kutta the maximum step size was about 1.2 voxel. Apparently the fibers are too short
and too straight, for Runge-Kutta to provide a significant benefit.

Further effort in improving computational efficiency while remaining acceptable accuracy is still
possible. Adaptive step sizes can be used: Generally step sizes can be bigger when the angle between
the vectors of two corresponding points is small. Also the accuracy is more critical close to the
starting point then near the end of the fiber. Fiber length might also be a criterion to adjust the step

size to.

Numerical Recipes [7] contains more information about the general comparison between Euler’s
method and Runge-Kutta, and possibly faster algorithms.
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3.2.4. Non Cubic Voxels
Eigenvectors are defined in the APAT coordinate system. Voxel positions in computer memory
however use the memory coordinate system defined as

X
X memory = xAPAT

scan resolution
physical size

y scan resolution
ymemory = Yapar (35)
physical size

. 4 scan resolution
z memory ZapAT
physical size

During fiber tracking the memory coordinate system is used for efficiency reasons. As a result the
eigenvectors need to be converted to the memory coordinate system during fiber tracking. When
converting the eigenvectors, it has to be taken into that the step size is not affected. The effective step
size is defined as

X oo YV orcical si Zop
. . . . physical size physical size physical size
step s lzeeffective =step s lzedeﬁned bytheuser nun ’ ’ (3 6)

‘xscan resolution y scan resolution Zscan resolution

in the physical coordinate system in the Fiber Tracking tool.
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3.3. Fiber Tracking Termination

Fiber tracking is not always possible. Only certain tissue types allow fiber tracking. In the brain this
typically is white matter: tissue mainly consisting of the axons of neurons. If one would track fibers in
tissue types that are not suitable, the result would be erratic and irrelevant. If the user starts fiber
tracking in an unsuitable area, or suitable tissue progresses into unsuitable tissue, the fiber tracking
process should terminate. Suitable tissues have certain characteristics that distinguish them from other
tissue types.

A) Suitable