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Abstract

Tractography is a technique providing information about anatomical connections of the brain
using Diffusion Weighted Magnetic Resonance Imaging (DWI). Hence, fiber tracking shows
high potential in the field of neuro science by facilitating the study of anatomical structures of
the human brain as well as neuronal diseases such as Alzheimer’s Disease (AD) and lately this
technique is also used for monitoring cancer treatment. For the last couple of years, several
tractography techniques show robust and clinically relevant results. However, neuro surgeons,
radiologists and domain experts have to deal with complex information provided by tractography
and DWI. In other words, large data sets need to be processed and combined efficiently as well
as intuitively represented in 2D and 3D. Practical setups, especially clinical applications, require
several conditions, e.g. usability, consistency in the medical context, accuracy, performance and
compatibility. This work introduces a framework for efficient processing of fiber data including
high performance visualization and interaction. The provided tools and techniques are designed
to cover common tasks whereas their accuracy and performance show promising results for
practicable applications in this field. Since fiber tracking algorithms are well established and
available, this framework focuses on bringing tractography in combination with fiber processing
into practice. So far, fiber tracking is used mainly in the radiological field which is why the
framework concentrates on radiological applications. At the moment most fiber tracking solu-
tions come with their own visualization and interaction mechanisms which are rarely adaptable
to practical and clinical purposes. The outcome of this work presents an efficient solution for
tractography post-processing, focusing on both scientifically and clinically relevant tasks. Com-
patibility to previously existing fiber tracking applications are also taken into consideration. To
maximize availability, the framework is implemented into the diffusion imaging module of the
open-source software platform, the Medical Imaging Interaction Toolkit (MITK), which is well
known for medical image processing.
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Kurzfassung

Die vorliegende Arbeit wurde zusammen mit den Abteilungen Medizinische und Biologische
Informatik und Radiologie am Deutschen Krebsforschungszentrum (DKFZ) erarbeitet. Tracto-
graphie, auch Fiber Tracking genannt, bezeichnet eine Bildverarbeitungstechnik die mittels dif-
fusionsgewichteter Magnetresonanz Tomographie (DWI) Informationen über die anatomischen
Strukturen des menschlichen Gehirns ableiten kann. Zusätzlich findet diese Technik auch An-
wendung in der Therapieplanung und Verlaufskontrolle bei Tumorpatienten. Neue Ansätze und
Optimierungen von Fiber Tracking Methoden konnten bereits im Vorfeld deren klinische Re-
levanz aufzeigen. Bis zum heutigen Zeitpunkt wurden noch keine praxistauglichen Endanwen-
dungen entwickelt, welche sich der Komplexität von Tractographie annehmen und die Daten
und Informationen dementsprechend verarbeiten um das Potential von Fiber Tracking in einem
klinisches Umfeld voll ausgeschöpfen zu können. Der Hauptanwendungsbereich ist dem radio-
logischen Umfeld zuzuordnen in dem performante und interaktive Bildverarbeitungsmechanis-
men von hoher Genauigkeit sowohl in 2D als auch in 3D den Alltag bestimmen. Aus diesem
Grund wurde bei der Umsetzung dieser Arbeit speziell auf diese Anforderungen eingegangen
und ein effizientes Framework definiert welches die intuitive Visualisierung und Interaktion ver-
schiedenster Tractographie Ergebnisdaten realisiert um so eine Basis zu schaffen, welche so-
wohl praxisnahen Anwendungen aus der Radiologie als auch Anforderungen aus dem Gebiet
der Neurowissenschaften gerecht wird. Als Zielsetzung galt eine Anwendung bereitzustellen,
welche sowohl effizient, intuitiv als auch funktionell umfangreiche Eigenschaften aufweist und
durch die Verwendung bereits existierender Standards die Integration und Verwendung externer
Fiber Tracking Verfahren motiviert. Zusammen mit Radiologen und Wissenschaftlern wurden
die umgesetzten Aufgabenstellung auf Benutzbarkeit, Funktionalität, Effizienz und Leistung für
einen praxisnahen Einsatz evaluiert. Als Entwicklungsplattform wurde das open-source Soft-
wareprojekt Medical Imaging Interaction Toolkit (MITK) herangezogen, welches bereits eine
beachtliche Community im wissenschaftlichen, kommerziellen als auch klinischen Umfeld be-
treut.
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CHAPTER 1
Introduction

Magnetic Resonance Tomography (MRT) is a well established noninvasive imaging technique
allowing the acquisition of hydrogen containing tissues [1]. Based on the principles of MRT,
Diffusion Weighted Imaging (DWI) [2] is able to measure diffusion of water molecules [3, 4].
Figure 1.1(a) shows the movement of a water molecule schematically. This method has assumed
an important position in the field of both clinical routine and neurological science to study neu-
rological diseases [5–11], and to monitor cancer treatment [12–15]. Studies show that the white
matter of the human brain represents an ideal environment for DWI, enabling the investigation
of the connectivity of anatomical structures within the brain [9, 16, 17].

Modeling diffusion

In an anisotropic environment diffusion can be described as a tensor [18] where the direction and
magnitude of diffusion are acquired by measuring different gradients. This can be illustrated as
a 3D ellipsoid [19] where size, shape and orientation are derived from the tensor. Figure 1.1(b)
shows ellipsoids and 3D tensors. In Diffusion Tensor Imaging (DTI) the diffusion of water
molecules in one voxel is modeled using a 3D gaussian function [18]. The tensor describes the
anisotropy of diffusion in a voxel [20]. An approach that illustrates diffusion data in 3D is the
visualization of the Orientation Distribution Function (ODF) which is shown in figure 1.1(c).
However, DTI shows limitations in resolving fiber crossings, bendings and twistings since a 3D
tensor represents only six independent elements where three describe the orientation and the
remaining three the magnitude of diffusion [21]. In contrast, q-Space Imaging (QSI) estimates
diffusion without the Gaussian approach overcoming the limitations of DTI since this approach
samples the diffusion signal directly onto a 3D Cartesian coordinate system or spherical shell.
The two techniques based on these approaches are Diffusion Spectrum Imaging (DSI) and q-Ball
Imaging [22, 23] respectively. Both DTI and QSI provide the basis for tractography.
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Tractography

Information about the flow of molecules is processed by computational post-processing algo-
rithms, also known as tractography or fiber tracking, allowing the reconstruction of correspond-
ing pathways [24, 25]. Especially the acquisition of moving water molecules inside and in be-
tween axons provide the input for fiber tracking [26, 27]. It is to be noted that the outcome of
fiber tracking algorithms represent not actual anatomical fibers, but reconstructed fibers repre-
senting areas of diffusion, assuming that anatomical fibers also occur accordingly. The impact
of tractography has been noticed over recent years since the results became more reliable and of
clinical relevance. [28,29]. In principal, tractography algorithms are divided into two groups, lo-
cal [30,31] and global methods [32–35]. Local methods require a starting region from where the
fiber is assembled by voxelwise information step by step, whereas global methods reconstruct
the whole fiber network simultaneously. Although the global methods are computationally more
challenging compared to local methods, they promise more robust results. An example for a
voxelwise, step by step tracking is illustrated in figure 1.1(d).

Current situation

However, tractography has not yet arrived into clinical practice so far because efficient methods
for visualization and tools for accurate interaction with fiber structures are not well established
according to the expectations of end users, such as radiologists, neuro surgeons and scientists. In
radiology, viewing images from different perspectives including sagittal, coronal and transversal
in 2D are more prevalent than 3D representation. So far, fiber visualization is performed mostly
in 3D but intuitive and efficient 2D visualization still is challenging especially when it comes to
large data sets [36]. Performance issues as well as inconsistent representation of fiber structures
in 2D and 3D lead to limitations of accurate fiber post-processing and interaction. For investi-
gating medical images, image processing in radiology contains several segmentation and region
of interest (ROI) related tasks. Therefore, to establish acceptance from the end users, similar
methods and techniques are required for fiber processing tasks. However, the above mentioned
limitations and issues of tractograpy post-processing give a reasonable explanation why a seam-
less combination of fiber tracking and practically relevant post-processing still is challenging
and needs to be solved.

Aim of this work

In general the pipeline of tractography and fiber processing starts at the MRI scanner, where
physicists experiment with several sequences to provide high quality data for tractography algo-
rithms. After that, methods to process the generated output are needed, including visualization
and interaction with fiber structures. On the one hand, designing fiber tracking algorithms still
contributes to the major challenges in this field. However, techniques to explore their output can-
not be trivialized because current visualization and interaction techniques are mainly designed
for specific scientific purposes. Limitations of usability, performance, visualization and interac-
tion are analyzed and a practicable solution is proposed. This work introduces a framework for
fiber processing and visualization overcoming current limitations related to this discipline. Tools
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(a) Random movement of a single molecule
Image taken from [27].

(b) Shapes and 3D tensor matrices. Image
taken from [26].

(c) ODFs representing the displacement
distribution for each voxel.

(d) Illustration of tracking a fiber based on
DTI.

Figure 1.1: This figure illustrates the movement of a water molecule during diffusion where r
describes the direction vector between timestamp t1 and t2 (a). ODFs are shown in (b) (c). A
schematic illustration of DTI based fiber reconstruction is shown in (d).

for intuitive and efficient interaction with fiber structures are introduced, empowering end-users
to accomplish common tasks of fiber processing techniques and features which are adopted from
medical image processing in radiology. Additionally, the potential increase of productivity and
efficiency opens ways to advanced applications in this area, raising scientific as well as clinical
interest in porting tractography into practice. This work is implemented into the open-source
software platform Medical Imaging Interaction Toolkit (MITK) [37] which is developed and
maintained by the division of Medical and Biological Informatics (MBI) at the German Cancer
Research Center (DKFZ). It specializes in medical imaging and provides a framework support-
ing the development of clinical applications. Features such as multiple render windows for 2D
and 3D visualization and interaction as well as a data management to store and manage medi-
cal data are provided. Two tractography algorithms are incorporated into MITK. A stochastic
fiber tacking algorithm proposed by Ngo [38], as well as a cutting edge global approach, namely
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Gibbs tracking proposed by Reisert et.al. [35], are provided by the diffusion imaging module
in MITK. Together with clinicians and radiologists from clinical settings, the diffusion imaging
application in MITK undergoes continuous development and improvements towards bringing
fiber tracking closer to clinical practice.

Overview of this document

In chapter 2 current frameworks and toolkits for fiber visualization and processing are analyzed.
Based on this, requirements for practical usage in radiology are defined. Chapter 3 describes the
methodology how the fiber framework was implemented. The results of this work are in chapter
4. Chapter 5 discusses the results based on the requirements defined in chapter 2. A conclusion
is given in chapter 6.
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CHAPTER 2
State of the Art

This part describes the software environment in relation to this thesis and gives an overview
about related solutions for fiber visualization and fiber interaction. An investigation and evalua-
tion of the major established applications are mentioned here.

2.1 Related work

In the last couple of years several fiber tracking algorithms have been developed and techniques
for fiber visualization and interaction are available in several solutions for tractography. Major
applications for tractography and fiber visualization are described in this sections.

3D Slicer: 3D Slicer [39] is an open source software package specializing in medical image
analysis and visualization. The application is written in C++ and includes components
of VTK, ITK and Tcl/TK (Tool Command Language / Tool Kit) [40]. Its tractography
module provides a streamline fiber tracking algorithm based on the Runge-Kutta method
[41].

MedINRIA: The MedINRIA [42] platform offers a collection of applications for medical im-
age processing. The included DTI Track application provides tools for DTI analysis and
fiber tracking. The implemented tractography algorithm relies on a local and probabilistic
approach, also knows as Fiber Assignment by Continuous Tracking (FACT) [43, 44]. For
fiber visualization, MedINRIA uses its own VTK based open source visualization library,
vtkINRIA3D.

MeVisLab: MeVisLab [45] represents a development environment for medical image process-
ing and visualization. The software includes well known third party libraries and tech-
nologies such as Qt, Open Inventor, ITK and VTK. The provided tractography toolkit,
known as Tensor-Tractography, comes with two different fiber tracking algorithms. Both
of them perform on DTI data and use a local tractography approach [31, 46].
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Apart from the above mentioned, there exist many other applications such as MRI/DTIStudio
[47, 48], Camino [49], ExploreDTI [50], TrackVis [51]. The Oxford Centre for Functional
MRI of the Brain (FMRIB) also develops the software application FMRIB’s Diffusion Toolbox
(FDT) but is not further considered in this work, since there is no visualization of fiber structures
supported. Visualization of fibers can be accomplished using Track Density Imaging (TDI) [52].
In contrast to the methods introduced in this work, TDI uses a different approach by using post-
processing methods to achieve higher resolution of the acquired images to generate so called
track-density maps which represent probability of tracts. These maps are volumetric images like
MRI and Computer Tomography (CT) images where 2D visualization is already provided.

Features of current fiber processing applications

This work focuses on intuitive and practical handling of fiber structures including visualization
and fiber interaction which can be used in a clinical environment. Many efforts have been in-
vested in the visualization of fiber tracts using CPU and GPU accelerated methods for realistic
3D representation [53–55]. 3D visualization can be performed by all the above mentioned appli-
cations except Camino which only supports exporting fiber information to external applications
such as Geomview [56] and Paraview [57]. However, tractography and fiber processing are
mostly applied in radiology where interaction and representation in 2D are performed. So far
only MeVisLab and MedINRIA can perform 2D visualization of fiber structures. MedINRIA
maps fibers into 2D when the user clicks on the designated button. Fiber structures in 2D only
support coloring of a single color only leading to inconsistency between 2D and 3D representa-
tion as shown in figure 2.2(a). Certain fibers can be selected by loading additional segmentation
and ROI images which cannot directly be modified after importing. 3D Slicer and TrackVis
provide a 3D sphere which shows all fibers crossing it. In TrackVis this sphere can also be ad-
justed directly across the 2D slides of an underlying DTI image. However, both solutions are not
consistently representing fiber data in 2D and 3D. Unfortunately, MeVisLab could not be tested
for similar parameters since no free version was available. In practice, radiologists are used to
manually segmenting ROIs, e.g. circles and polygons, on 2D images with direct feedback in 3D.
Such features are not provided by any of the introduced solutions. The limitations of visualiza-
tion and interaction as well as missing features for practical and performant fiber processing in
radiology give the backdrop for this work.

2.2 Toolkits

Insight Toolkit (ITK)

MITK uses ITK [58] primarily for digital image processing and has adopted several features
and concepts such as the application framework, filter framework and the class concept into the
main infrastructure of MITK. This features implementation of commonly used design patterns
and fully supports multi threading and filesystem access. ITK provides the main superclass
Object which is the superclass of all MITK classes. So called itkSmartPointers al-
low automatic memory management. ITK comes with readers and writers for many image and
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(a) 3D Slicer fiber tracking application. GUI to adjust tracking pa-
rameters (left) 3D representation of fibers (right) with ROIs (green
segmentation at bottom of fibers).

(b) Selecting fibers using 3D sphere. The sphere
is moved by mouse interaction and shows all
fibers crossing the ball.

Figure 2.1: This figure shows fiber visualization and interaction in 3D Slicer.

surface file formats and wraps external libraries such as Grassroots DICOM (GDCM) [59] for
Digital Imaging and Communications in Medicine (DICOM) support, libpng [60], etc.

Visualization Toolkit (VTK)

VTK [61] specializes in several disciplines of scientific visualization and also in the medical
field. Advanced rendering algorithms are available for different backends, supporting software-
only rendering and graphics-card-accelerated rendering via the Application Programming In-
terface (API) in OpenGL [62]. MITK uses mainly VTK for 3D and 2D render windows and
provides following main features:

• Visualization of images and surfaces which contain sets of various geometric primitives
such as points, lines and triangles.

• Image filter algorithms which are used to preprocess datasets before rendering, e.g. trans-
fer functions to apply a level window.

• Camera interaction in 2D and 3D render windows including panning, rotating and zoom-
ing within the scene.

Qt

Qt [63] was developed to provide a platform independent Graphical User Interface (GUI) for
PCs. By now, it also covers support for mobile platforms like Nokia and Android devices. It has
grown to a full application environment for C++ providing its own GUI editor. A central feature
of Qt is the signal and slot concept which manages events and actions, e.g. calling a specific
method when a button is clicked. Additionally, Qt provides a rich library of GUI elements as
well as methods for multithreading and tools for visualization from which MITK benefits.
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MITK and other libraries

MITK is an open source, non restrictive licensed software toolkit developed and hosted by MBI
at DKFZ, Heidelberg. The MITK platform facilitates the integration and interaction of software
from different disciplines of the medical image processing field. A repertoire of selected toolkits
and mechanisms provide a powerful environment to support rapid prototyping, as well as devel-
oping efficient applications. The major purpose of MITK is to reduce efforts in constructing
specifically tailored and interactive applications for medical image analysis. It combines ITK,
VTK and the Common Toolkit (CTK) [64] with an application framework. A strong hierarchy
defines the architecture of MITK with one important level being the layer of modules. A mod-
ule in MITK is defined as an accumulation of related tasks within a discipline. This contains
data structures, algorithms, classes for loading, rendering and interacting with medical images.
For example, the diffusion imaging module includes algorithms to process DWI data, perform
tractography, Tract Based Spatial Statistics (TBSS ), etc. The interface to users is realized by
so called bundles, also known as plugins. They provide all necessary methods to enable user
interaction with the framework, e.g. executing fiber tracking on the selected data and adjusting
parameters for DTI as well as a GUI using the Qt framework. One of the major bundles is the
datamanager which provides access to loaded data and file system. Figure 2.2 shows the MITK
application with the datamanager and bundles for diffusion imaging. In terms of modularity,
MITK uses the CTK plugin framework which provides a C++ OSGi

TM
[65] implementation

following the principle of lazy loading. MITK is in use by several groups in universities, re-
search institutes, and also in commercially available products. MITK offers the following main
functionalities:

• Interaction with common medical image formats including DICOM.

• Visualization of volumetric images in 2D and 3D.

• Advanced medical image processing algorithms on datasets, e.g. fully automatic segmen-
tation and registration of anatomical structures.

• Interfaces for sensor input devices e.g. optical and electromagnetic tracking devices which
are used in intra-operative navigational applications.

MITK is based on two major toolkits which are developed by Kitware. ITK provides image
processing algorithms specializing in medical segmentation and registration, whereas VTK fo-
cuses on visualizing medical datasets of different kind, e.g. volumetric images, slices, meshes
and surfaces. MITK extends and combines these algorithms for image processing and visual-
ization for analysis in a medical context. The concept of MITK allows a transparent interchange
between ITK and VTK. A MITK image for instance can be used for both processing via ITK
and displaying via VTK. Additionally, a large repertoire of mechanisms to interact with medical
datasets is provided.

8



2.3 Requirements for fiber processing in practise

Since medical image processing is a domain of radiology, it seems to be reasonable that their
visualization and interaction techniques are adapted to fiber processing. This supports the in-
tegration of fiber processing into workflows of radiology. Main features and requirements are
summarized in table 2.1.

Requirements Description
Consistent 2D and 3D visualization Fiber structures in 3D shall be mapped accordingly to 2D.

Appearance of color and shape need to be equivalent.
Accurate 2D and 3D interaction When interacting with 2D slices, an immediate feedback

shall be provided in 3D. For example, if a ROI is drawn
onto a 2D slice (transversal view), this ROI shall also be
visible in 3D. This is an intuitive method to monitor ad-
justments of segmentations in 2D and 3D.

Practical performance Smooth and judder-free interaction with fiber structures as
well as accomplishing tasks in minimal time.

Handling of large data sets No noticeable performance issues when dealing with large
fiber sets.

Features Multi Planar Reconstruction (MPR), adjusting slice thick-
ness in 2D (thick slab), visualizing orientation based and
functional parameters, e.g. orientation based coloring of
fibers and coloring fibers according to scalar values. Draw-
ing ROIs and combining them as well as extracting, joining
and subtracting certain fibers and fiber structures.

Intuitive user interface An appropriate GUI and self explaining GUI elements
shall be provided.

Table 2.1: Requirements for practicable fiber processing in radiology based on patterns of med-
ical image processing.
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(a) MedINRIA application (b) Interaction cube of (a) to select fibers

(c) ExploreDTI application (d) TrackVis application

(e) MeVisLab application (f) Fiberviewer application

Figure 2.2: This figure shows current applications for fiber visualization and processing. Only
MedINRIA (a) and MeVisLab (e) support 2D visualization of fibers.
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Figure 2.3: MITK application; (top left) datamanager hosting DWI and DTI image; (middle
left) diffusion imaging plugin with several tabs; (left bottom) slice navigator; (center) multi
window view including 2D transversal (A), sagittal (B), coronal (C) and 3D representation of
DTI (color image); (right) window/level modification bar
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CHAPTER 3
Methods

In this chapter methods and approaches for fiber visualization and processing based on the re-
quirements defined in the previous chapter are introduced. These requirements can be classified
into groups of the application level, providing the main software infrastructure for development,
data structures managing fiber data and techniques to visualize and process fibers. Two events,
namely the DTI-tractography challenge in 2011 at the International Conference on Medical
Image Computing and Computer Assisted Intervention (MICCAI) [66] and illustrating all fiber
structures of the human brain for the book Diffusion Tensor Imaging: Introduction and Atlas [67]
published by Springer are used to evaluate the practical usage of the outcome of this work. For
authoring the book, fiber processing and visualization needed to be practicable for the authors
whereas at MICCAI tractography and fiber processing tasks needed to be accomplished on-site
with time limits.

3.1 Software design and application-level support

Since MITK is based on ITK, VTK and CTK, the process of fiber visualization and interaction
could draw support from previously existing mechanisms. Two fiber tracking algorithms were
included, which were implemented as ITK filters. The stochastic tractography was realized by
Ngo [38] which uses a local and probabilistic approach whereas Gibbs fiber tracking takes a
global and probabilistic approach [35]. These filters were either be executed by a program or
explicitly initiated by e.g. mouse interaction of the user. According GUIs were implemented us-
ing Qt. One of the aims of this work was to develop a data structure which provided methods for
fiber processing and fiber interaction. Initially, it was unclear which toolkit provided the optimal
data type and processing mechanisms for fiber structures. Since MITK is based on ITK and
VTK, data types for both approaches were implemented to develop the optimal solution which
fits best into the workflow of fiber processing tasks. Accordingly, two data types were intro-
duced, the ITK based mitkFiberBundle (FB) and the VTK based mitkFiberBundleX
(FBX). Both fiber bundle data types were incorporated into the MITK factory mechanism which
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provided extensions to support loading, saving, and drag and drop of fiber structures. FB used an
XML based output format *.fib and FBX the widely used VTK polydata format (ASCII) *.vtk.
To recognize the stored vtkPolyData file as FBX, the file ending was renamed to *.vfib in the
exporting process. A more detailed description of the data types is available in the following sec-
tions. Figure 3.1 gives an illustration of how components for fiber visualization and interaction
are organized in MITK.

Figure 3.1: This figure illustrates how FBX interacts with other essential components for fiber
visualization and interaction. FBX as well as the corresponding mapping, import and export
mechanisms are part of the diffusion imaging module in MITK. GUI plugins represent an inter-
face to interact with these components.

ITK based fiber bundle

ITK provided a data type namely itkDTITubeSpatialObject which implements methods
for managing single fibers. This class was also capable of tubal structures, hence a radius can
be defined for each point of the fiber. Its API provided a method, AddSpatialObject(),
which allows combining several single fibers. In terms of processing fibers, e.g. extract-
ing points at a certain position to identify which points are crossing a defined ROI, no ade-
quate methods were provided by itkDTITubeSpatialObject. Therefore, an appropri-
ate functionality for this task was realized in the mitkFiberBundle class. The ROI was
passed to the method extractFibersByPF() which calculated the intersection points of
the ROI and each fiber. Planar figures (PF) represented ROIs for fiber processing. Since a
fiber consists of a point set, a ROI could either cross a point directly or is placed in between
two adjacent points. Geometric calculations for this purpose were implemented in methods
calculateCrossingPoint() and checkForGap(). All points were stored as index
coordinates of the input image where fiber tracking was executed. Additional fiber process-

14



ing mechanisms are described in sections 3.2 and 3.3. mitkFiberBundle was registered to
the mitkDiffusionImagingObjectFactory class which manages all diffusion imaging
related data types and connects them to the visualization pipeline as well as to the appropriate
reading and writing mechanisms for fiber import and export. An overview of the FB data type
can be found in figure 3.2(b) showing the class diagram.

Initializing mitkFiberBundle

Several interfaces were available to transfer tractography to the FB data type. The stochastic trac-
tography algorithm provided an itkVectorContainer containing itkSlowPolyLine-
ParametricPath as output. After initializing a new FB object, this output could be passed
to the method additkStochTractContainer(output). In comparison, Gibbs fiber
tracking used itkPoints stored in an itkVectorContainer as output which could then
be passed to the addTractContainer(output) interface. An example is shown in the
following:

mitk::FiberBundle::Pointer fb = mitk::FiberBundle::New();

fb->additkStochTractContainer( stochasticOutput ); fb->initFiberGroup();

VTK based fiber bundle

Alternatively, mitkFiberBundleX was based on VTK which places the fiber data structure
closer to the visualization side in MITK. VTK itself offered no explicit data structure for fiber
tracking results but accomplished a more generic solution known as vtkPolyData. This data
type was able to host vertices, lines, polygons, and triangle strips. Additional values of tractog-
raphy could be added to each single fiber. These values then could be used for coloring fibers.
Fibers itself were represented as vtkPolyLine containing a point set. Points were stored
as world coordinates to minimize additional calculations in the workflow between tractogra-
phy output, fiber processing and fiber visualization. FBX provided methods to calculate several
color codings and since the fiber structures were stored in VTK polydata format, processing
of fibers, i.e. polydata, was relatively straight forward due to the rich repertoire of filters. By
default the orientation based color coding was computed. This strategy kept the FBX compact
and provided a better overview. For visualizing and interacting with fiber structures, no addi-
tional computations of fiber structures were required since FBX hosted all necessary formats for
rendering and efficient fiber processing. Any tractography application could implement FBX as
an output format if VTK was available. Methods to add additional information to fibers such
as fractional anisotropy (FA) maps, scalar values and color information as well as methods to
extract, join and subtract fibers were successfully implemented. All fiber processing mecha-
nisms are described in sections 3.2 and 3.3. Another advantage was the VTK polydata output
format, which allows importing tractography results into other VTK supporting platforms. FBX
was also registered to the mitkDiffusionImagingObjectFactory class where corre-
sponding visualization and import/export mechanisms were set. Figure 3.2(a) shows the UML
of mitkFiberBundleX in detail.
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Initializing FiberBundleX

Since FBX is VTK based, all tractography outputs needed to be converted into vtkPolyData
once. A valid polydata consists of a point set, vtkPoints and lines, vtkPolyLine. The
polyline data structure hosted all related point IDs from the point set. A FBX object was initial-
ized by passing a valid vtkPolyData to the constructor. An example is shown below:

mitk::FiberBundleX::Pointer fbx =

mitk::FiberBundleX::New( outputPolyData )

(a) UML class diagram of mitkFiberBundleX (b) UML class diagram of mitkFiberBundle

Figure 3.2: This figure shows only important variables and methods for fiber processing.

Qt based views and perspectives

In MITK, GUIs were designed using the Qt software framework. Such interfaces were named
views or bundles, which represent a plugin including methods to call and execute computa-
tional tasks. Multiple views could be accumulated to produce a so called perspective. Tools
for fiber processing were available in the Fiber Processing view which was present in the Trac-
tography perspective. This view supported multithreading to separate graphical interaction and
computational tasks. Therefore, the GUI was not blocked during calculations required for fiber
processing. Design and Qt specific interaction patterns relied on the publicly available MITK
style guide [68].

3.2 Visualization of fiber tracts

Current tractography approaches can compute fiber structures of the human brain containing
more than hundred thousand fibers. Therefore, efficient techniques to visualize this enormous
amount of information in 2D and 3D space are necessary to provide adequate orientation and
meaningful handling of fibers. Figure 3.4 shows the activity diagram for visualizing fibers.
Judder free navigation through fiber structures was required to guarantee convenient user inter-
action. Also, accurate representation of fibers within the current context was mandatory e.g. if
opacity of fibers is set to 50%, underlying pixel from images such as DWI, CT, etc., should be
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visible accordingly. MITK uses VTK render windows for drawing 3D and 2D data. VTK pro-
vided a generic data structure vtkPolyData which hosted graphical primitives and extensions
of them. To render an object in a VTK render window, three major steps were required:

• A polydata object was passed to the vtkMapper object which transformed the object for
correct geometric representation in space.

• The mapper then was passed to the vtkActor which provided several properties for
rendering, e.g. color and representation modes.

• In the final step, the actor was passed to the vtkRenderer which actually painted the
requested object into the render window.

The visualization of both, FB and FBX were managed by mitkFiberBundleMapper2D/3D
and mitkFiberBundleXMapper2D/3D respectively. These formated the fiber structures
and passed them to the MITK rendering pipeline. Mappers of the ITK based fiber structure
needed to transform the itkDTITubeSpatialObject into vtkPolyData, and point sets
were also translated from the index coordinates to world coordinates. In contrast, FBX already
possessed the requested format for the rendering process. However, for both data types the final-
ized vtkPolyData was passed on to the vtkPolyDataMapper, which mapped fiber data
to graphics primitives. Options for fiber representation such as color coding, opacity and shading
effects were set with the GUI by the user. According to this information, mappers then activated
the requested representation options. Figure 3.3(a) shows a FBX data node in MITK with its
options for visualization. The workflow from calculating fiber tracts to fiber visualization is
illustrated in Figure 3.5, where both ITK and VTK based data structures are compared.

(a) Options to modify and edit properties
of the fiber set.

(b) Add FA map to selected fiber set.

Figure 3.3: GUI elements for (a) modifying and (b) adding additional values to any selected
fiber bundle.

3D visualization

In MITK, visualizing fibers in 3D did not require much effort as fiber data were three di-
mensional and VTK implemented a complete 3D rendering pipeline. However, before pass-
ing fiber data to the rendering mechanism, the requested representation options for visualizing
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Figure 3.4: This figure illustrates an activity diagram starting from importing and generating
tractography data until visualizing fibers.

fiber structures needed to be applied. In general, mappers finalized fiber data for the render-
ing pipeline. MITK mappers were initialized by the MITK factory mechanism. If a FB or
FBX data object was activated mitkDiffusionImagingObjectFactory initializes the
according mappers. Representation modes and parameters for color, opacity etc. were passed to
the VTK rendering pipeline by applying parameters to vtkOpenGLPolyDataMapper and
vtkOpenGLActor. The actor was picked up from the MITK rendering mechanism, which
was visualized in the 3D render window. In the following two sub-sections 3D mappers for FB
and FBX are described.

mitkFiberBundleMapper3D

Within the whole fiber processing workflow this mapper defined the visualization part of fiber
structures. When a mitkFiberBundle object was passed on to this mapper, all points from
the itkDTITubeSpatialObject were transformed into world coordinates. In MITK, the
mitkGeometry3D class provided a method for this purpose. Each single point of the fiber
was passed to the method IndexToWorld(point3D) and returned the appropriate world
coordinates. Based on the transformed point set, vtkPolyLines were generated. In the next
step these line were smoothed by the vtkKochanekSpline filter. Based on the smoothed
point set, individual colors were applied to each point depending on its position in space. If a
original fiber structure also hosted additional values for each point, such as FA or Generalized
Fractional Anisotropy (GFA), these values were then applied to each point. In the next step
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explicit properties were set defining the resulting representation modes. These options included
color coding and several representation modes such as point, line or tube based representation.

mitkFiberBundleXMapper3D

Based on settings of the FBX object, properties of color, opacity and representation were added
to the rendering pipeline. The implementation of the mitkFiberBundleXMapper3D sup-
ported the initialization of several 3D render windows. In other words, initializing e.g. two
3D render windows simultaneously where one shows FA based color coding and the other
draws fiber structures from a different angle were supported. This option was managed by the
mitkLocalDataStorage, which hosted the required data for each 3D render window.

2D visualization

In general, medical images such as CT or MRI consist of a set of 2D slices. Hence, trans-
ferring them into 3D space requires computational effort. In comparison, fiber structures are
defined as 3D structures, therefore a 2D representation is more challenging since 3D data needs
to be projected to 2D. This can either be realized by slicing through the given 3D data and re-
turning the intersecting data or by limiting the depth of the view to a slice. In radiology, state
of the art medical applications provide 3D representation as well as 2D representation of nor-
mal images in horizontal, sagittal and coronal views. It is common to use crosshair navigation
across 2D images, whereas in 3D the crosshair is transformed into three planes. The center of
the crosshair indicates the point of interest and its position indicates the slices along horizon-
tal, sagittal and coronal orientation. Methods for slicing fiber structures were introduced into
mitkFiberBundleMapper2D and FiberBundleXMapper2D.

mitkFiberBundleMapper2D

This class prepared fiber structures for 2D visualization. In general, MITK used three render
widows for 2D visualization to draw images in coronal, sagittal and horizontal view. Therefore
fibers needed to be sliced accordingly to the plane of view. The position of the planes was defined
by the MITK crosshair. When representing different slices of the same data set, the initialized
mapper must be able to manage individual data for each render window. This was performed
by mitkLocalDataStorage class which was reimplemented in mitkFiberBundle-
Mapper2D. In practice, applications in radiology allow adjusting the thickness of a slice, so
called thick slab. This feature was performed by this mapper which projects multiple slices
of an image on a single plane. The following two sub-sections introduce two approaches for
visualizing fibers in 2D.

vtkCutter filter The vtkCutter provided methods to cut fibers at any position and returned
all intersecting points. Required inputs were vtkPolyData and a vtkPlane for slicing. A
code example is listed below. To realize thick slab, several cuts along the plane normal were per-
formed and merged together. The output was passed on to the vtkOpenGLPolyDataMapper
and vtkOpenGLActor, which were managed by the mitkLocalDataStorage object.
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(a) Workflow of FB. After adding all necessary tractography data and additional values, the data structure is
transformed to the standardized ITK data types and to VTK polydata.

(b) Workflow of FBX. After adding all necessary tractography data and additional values, the data structure is
directly passed to the rendering pipeline.

Figure 3.5: Schematic illustration of the workflow using (a) FB and (b) FBX data structures.
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//create plane

vtkPlane* plane = vtkPlane::New();

plane->SetOrigin(0.0, 0.0, 0.0);

plane->SetNormal(0.0, 0.0, 1.0);

// cutting the fiber structure

vtkCutter* cutter = vtkCutter::New();

cutter->SetInput(fiberPolyData);

cutter->SetCutFunction(plane);

cutter->Update();

Adjusting clipping range of vtkCamera Another approach to visualize fibers in 2D is to
modify the clipping range of the vtkCamera object in the rendered scene. To support thick
slab, the clipping range of vtkCamera could be adjusted. Only elements, i.e. fibers between
the set range along the normal direction of the camera were drawn. Pixels outside the range were
not rendered. This technique manipulated the shader mechanism of the VTK rendering pipeline,
which is performed by the GPU. An example code listed below shows how the clipping range can
be set to draw only fibers between the range of 40 and 41. However, there are some limitations
using this technique especially when several images are added to the rendering scene which is
mandatory in the case of MITK. Due to an open bug in VTK (id 7823) which was submitted in
2008, adjusting the clipping range to a small value affects the visualization of images. Imported
2D images are not visible anymore.

renderer->GetVtkCamera()->SetClippingRange(40.0, 41.0)

mitkFiberBundleXMapper2D

This mapper was initialized when a mitkFiberBundleX data structure was passed on to the
MITK factory mechanism. Again, the mitkLocalDataStorage hosted individual mappers
and actors for polydata to provide the requested data for each render window. This mapper
adopted a GPU based approach for rendering fibers in 2D. In VTK, custom shaders could be
added to a vtkOpenGLActor object, which was executed during the rendering process. For
each view, the shader decided as to which pixel should be passed to the render window and which
pixel is dropped. Furthermore, all informations available for the 3D representation, for example,
coloring of fibers was also available for the 2D representation, since 2D and 3D mappers are
representing the same fiber set. Alternatively, if no shader was set, the fiber structure in 2D was
drawn identical to the 3D representation. Only the viewing angles for horizontal, sagittal and
horizontal view varied. In detail, the shader was written in OpenGL Shading Language (GLSL)
and modified the fragment shading process in the shading pipeline. Inputs including the current
viewing plane position and plane normal were passed to the shader defining the requested slice.
Also parameters for slice thickness could be set by the user. One also has the option to enable
fading of fibers, thus coloring the end of the fibers dark or transparent. This mode actually
brought an illusion of depth into 2D.
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//initialize mapper and add the fiber structure

vtkMapper* mapper = vtkMapper::New();

mapper->SetInput( FiberBundleX->GetFiberPolyData());

//initialize actor and add mapper and shader

vtkActor* actor = vtkActor::New(); actor->SetMapper(mapper);

actor->GetProperty()->LoadMaterial(myFiberShader.xml);

actor->GetProperty()->ShadingOn();

Coloring of fibers

An intuitive representation of fibers consists of both, shape and color. For example, coloring
fibers according to their orientation support intuitive navigation through complex fiber struc-
tures. Also anatomical structures can be colored explicitly to illustrate certain areas of the hu-
man brain. In general, appropriate color codings support better understanding of the context one
is dealing with. Colors can indicate physical orientation in space and help to identify regions of
interest. Besides these, illustrating functional information is often performed with no direct ref-
erence to tractography results. An option to intuitively connect functional information with fiber
structures can be achieved by coloring fibers according to functional data provided by DWI.

Scalar based coloring

Tractography and diffusion data provide additional information such as FA, GFA and orienta-
tion of tensors, just to mention a few. FA maps are commonly used in the research field of
DTI, but as a matter of fact, these maps are represented as 2D images. Instead of loading maps
and fibers separately, it would be more efficient if functional data is stored together with fiber
structures. Fibers of high and low FA can be identified easily since the coloring indicates the ac-
cording values. As an alternative, opacity levels of fibers can also be used to visualize functional
data. Figure 3.7(a) shows the GUI elements for coloring fiber structures. Methods to generate
and apply the desired representation were implemented in mitkFiberBundleMapper3D
and mitkFiberBundleX. Since FBX already used VTK data, coloring could be directly ap-
plied to the data structure, whereas for the FB data structure, this data could only be performed
in the mapper. Since both approaches passed VTK data on to the rendering pipeline, the fol-
lowing two sections apply for both of them. They only differ in the class where the actual
calculation of colors s performed. VTK supports RGBA coloring so each point in a fiber could
be set with one or more color values. RGBA values for each point were stored in a separate
vtkUnsignedCharArray. To activate this array for the rendering process, only the name of
the array needed to be passed on to the vtkPolyDataMapper hosting the fiber structure (see
following section for an example code for orientation based coloring which is based on the same
principle). To apply scalar values for color representation, an appropriate array, for example
vtkDoubleArray containing values for each point needed to be added to the fiber structure.
When applying a scalar array for coloring, additionally a lookup table needed to be set which
translated the scalar value into RGBA. This was achieved by the vtkLookUpTable object.
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FA based coloring

For the mitkFiberBundle data structure, FA values were already set when initializing an
instance of itkDTITubeSpatialObjects, but such values were randomly generated to test
if FA based color coding and applying FA values as opacity levels delivered the desired outcome.
Since the FBX approach was VTK based and vtkPolyLines do not offer explicit methods for
adding FA values, FA maps could be passed to the fibers and each point stored its corresponding
value in the FA_VALUE_ARRAY. Implementation of this method setFAMap(FAmap) could
also be used as a template for other values. Figure 3.3(b) shows the GUI for adding a FA map
to the fiber structure. vtkPolyData offered convenient options to apply scalars such as FA
values as color values. No extra computations were necessary; only a vtkLookUpTable
object needed to be added to the rendering mechanism. The code is listed in the following.

vtkLookupTable* m_lut = vtkLookupTable::New();

m_lut->Build();

m_FiberVtkPolyDataMapper->SetLookupTable(m_lut);

m_FiberVtkPolyDataMapper->SelectColorArray(

mitk::FiberBundleX::FA_VALUE_ARRAY )

Another way of representing FA values was using them as opacity levels. Parts of fibers with
high FA showed 100% opacity whereas sections with low FA were drawn with less opacity.
Since FA values were normalized, they can directly be applied to the alpha part in RGBA tupels.
The example below shows how the alpha value is replaced by the corresponding FA value.

double faValue = FAValArray->GetValue( pointID );

faValue = faValue * 255.0;

ColorArray->SetComponent( pointID, 3, faValue );

Orientation based coloring

This color coding illustrates the physical orientation of fiber segments in 3D space. Depending
on the relative position of adjacent points, the connecting line in between was colored individ-
ually. In between two adjacent points which are located along the x-axis, the connecting line
was colored in red. Similarly, points along the y- and z-axis were colored in green and blue,
respectively. Segments of multiple directions were colored proportionally. A closer look at how
the colors for the points were calculated is illustrated in figure 3.6. To pass orientation based
color coding on to the rendering mechanism, properties for this color array needed to be set in
the vtkPolyDataMapper. The command for this procedure is listed below.

m_FiberVtkPolyDataMapper->SelectColorArray(

mitk::FiberBundleX::COLORCODING_ORIENTATION_BASED )
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Figure 3.6: This figure illustrates how orientation based color coding is generated. This fiber is
defined by 4 points and the arrows in the lower left corner indicate the color corresponding to
the orientation.

Smoothening of fibers

Fiber structures in MITK were also provided with an option for fiber smoothening. This fea-
ture was implemented to generate smooth structures if a fiber tracking output contains unre-
alistic sharp edges. Therefore this option was for visualization purpose only and needed to
be applied explicitly by the user. However, the smoothed fibers replaced the original data
therefore this feature could also be interpreted as fiber processing, but its main purpose was
for visualization. There exist many algorithms for interpolating and smoothening point based
lines. Some approaches, e.g. B-Splines are calculated without including the original points
in the resulting line, which leads to an inaccurate representation of fiber structures, since the
fiber points actually represent the tract. VTK provided the filter vtkKochanekSpline gen-
erating smooth structures. Methods tuning the interpolation resolution were provided by the
vtkParametricFunctionSource object, which generated interpolated fibers, meaning
that the original point set from tractography was extended by the interpolated ones. A code ex-
ample for fiber interpolation with a resolution value of 100 is listed below. This means that the
new fiber is sampled to 100 points. Interpolation of the ITK and VTK based fiber structure was
performed in the mitkFiberBundleMapper3D and FiberBundleX objects, respectively.
The GUI elements for fiber smoothing are shown in figure 3.7(b).

//initialize splines for x, y and z direction

vtkKochanekSpline* xSpline = vtkKochanekSpline::New();

vtkKochanekSpline* ySpline = vtkKochanekSpline::New();

vtkKochanekSpline* zSpline = vtkKochanekSpline::New();

//prepare structures for interpolation

vtkParametricSpline* spline = vtkParametricSpline::New();

spline->SetXSpline(xSpline);
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spline->SetYSpline(ySpline);

spline->SetZSpline(zSpline);

spline->SetPoints(pnts_original_fiber);

//set interpolation resolution and generate smoothed data

vtkParametricFunctionSource* functionSource =

vtkParametricFunctionSource::New();

functionSource->SetParametricFunction(spline);

functionSource->SetUResolution(100);

functionSource->SetVResolution(100);

functionSource->SetWResolution(100);

functionSource->Update();

(a) Options for coloring fibers. (b) Interpolation resolution for fiber smooth-
ing.

Figure 3.7: This figure shows GUI elements to modify (a) colors and (b) shape of fibers.

3.3 Fiber interaction and processing

In addition to fiber visualization, the exploration of fiber structures requires mechanisms to dy-
namically interact with fiber data. A practicable fiber processing application requires intuitive
and high-performant interaction mechanisms. Therefore flexible navigation through fiber data
and a clear organization of processed data support to keep the focus on the given task and to
achieve the desired result efficiently. MITK comes equipped with interaction mechanisms in-
cluding zooming, panning and rotating. But fiber specific tasks such as extracting, merging
and subtracting needs to be developed explicitly. Figure 3.8 shows the activity diagram of fiber
processing including visualization and fiber interaction.

Extracting fibers using ROIs

A common way to extract fibers is by manually setting a ROI which is intuitive and allows
precise placement. ROIs, i.e. polygon shapes, are usually set in 2D views and support interactive
adjustment of size and shape. In general, shapes are not only visualized in 2D views but also
in 3D space to achieve consistency and better overview of the context. MITK provided a set
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of ROIs, namely mitkPlanarFigure, including circle and polygon based figures. Planar
figures were 2D shapes allowing interactive adjustments using control points after placing them.
Mechanisms to apply planar figures and use them as ROIs for selecting and extracting fibers
were developed. Figure 3.10(b) shows the GUI elements for setting ROIs and figure 3.10(e)
shows an ROI in the transversal 2D view.

Figure 3.8: This figure illustrates an activity diagram starting from importing and generating
tractography data until visualizing and processing fibers.

Fiber extraction for FiberBundle

For the ITK based approach, a custom implementation to detect fibers inside an ROI was devel-
oped. Unfortunately, the itkDTITubeSpatialObject class did not provide any method
for retrieving information about crossing or intersecting with e.g. a plane. To overcome this
issue, each fiber was checked for intersecting the plane of the ROI. Therefore it had to be as-
sessed if the line is parallel to the plane, on the plane or actually crossing the plane. ROIs could
be placed anywhere and their coordinates usually did not match with the coordinate points of
fibers. For example, the intersection point between an ROI and a fiber was not available in
the fibers’ point set. On this account, interpolation techniques were implemented to identify
all fibers crossing the ROI. However first, all fibers and their crossing points which matched
the plane equation of the ROI were calculated. In the next step, crossing points inside an ROI
were identified. When using a circular ROI, crossing points were identified by measuring their
distance to the center of the circle. If the distance lies within the circle radius, then the fiber
intersected with the circle. A schematic description of the necessary steps is illustrated in fig-
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ure 3.9 For polygonal ROIs a different approach provided by VTK was implemented. The
vtkPolygon class provided a method to check if a given point was inside the polygon or
not. Therefore this ROI was converted into a vtkPolygon object and by calling the method
isInsidePolygon(crossingPoint), fibers crossing the ROI were identified.

Figure 3.9: This figure illustrates the steps needed to calculate intersection points inside a circle
ROI. The left image shows 2 lines L1(P1a, P2a) and L2(P1b, P2b) where both lines intersect
with the plane of the ROI. The image in the middle shows the crossing point L1i of L1 and L2i
of L2. Only L1i is within the radius r of the circle (right).

Fiber extraction for FiberBundleX

Fiber extraction for the VTK based FBX was also possible. But in this case no custom imple-
mentation was necessary since VTK provided appropriate filters dealing with vtkPolyData.
For calculating crossing points between a fiber and the plane of the ROI, two filters were avail-
able which are listed below.

vtkCutter The vtkCutter sliced through the vtkPolyData object and returned all cross-
ing points between the fibers and the cutting plane. Unfortunately, the output of the cutter al-
lowed no reconciliation between crossing points and their related fibers. Therefore no fibers
could be identified.

vtkClipper This filter also sliced through the polydata object but the output included informa-
tion to identify which crossing point belonged to which fiber.

Combining ROIs

Fiber structures of the human brain are complex and simple ROIs are not sufficient to extract the
required fibers. To achieve this, multiple ROIs were combined to boolean expressions including
AND, OR, NOT operations. These combinations were managed by the mitkPlanarFigure-
Composite data type which includes all defined ROIs. Hence only one data object was passed
to the extraction mechanism instead of passing on all ROIs explicitly. Figure 3.10(a) illustrates
an AND expression of two ROIs. Figure 3.10(d) shows several combinations of ROIs. Image
3.10(b) shows the GUI elements for ROIs and ROI expressions. An example of how to initialize
an expression of ROI is listed below.
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mitk::PlanarFigureComposite::Pointer PFCAnd =

mitk::PlanarFigureComposite::New();

PFCAnd->setOperationType(mitk::PFCOMPOSITION_AND_OPERATION);

PFCAnd->addPlanarFigure( ROI1 );

PFCAnd->addPlanarFigure( ROI2 );

PFCAnd->addPlanarFigure( ROI3 );

(a) AND expression of ROIs (left) and the related result (right).

(b) Set and define ROIs. (c) Executing fiber operations includ-
ing ROIs.

(d) Combination of ROIs. (e) Circle ROI drawn on DWI image
in 2D view.

Figure 3.10: GUI elements of ROI operations and 2D representation.

Bringing ROIs into 3D

In MITK, ROIs defined by mitkPlanarFigures were visualized only in 2D views. How-
ever, from the users point of view a 3D representation would be helpful for navigation and
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orientation. Unfortunately planar figures of the 2D view were not incorporated into the 3D view.
To overcome this, mechanisms for visualizing circular and polygonal ROIs in 3D were imple-
mented. Converting ROIs into VTK objects and passing them on to the 3D rendering pipeline
was realized in mitkCirclePlanarFigureMapper3D and mitkPolygonPlanarFig-
ureMapper3D. Adjustments of the ROIs made in the 2D view were automatically updated in
the 3D view too. Additionally, ROIs in 3D were enhanced with color and opacity properties
which can be modified by the user.

Joining and subtracting fibers

Mechanisms to investigate and compare fiber structures are needed in the research field of
tractography. Merging and subtracting fibers are alternate methods to extracting fiber struc-
tures. Some tasks can be applied more efficiently using this approach. In both approaches,
mitkFiberBundle and mitkFiberBundleX, all selected fibers were copied to a new fiber
bundle when merging fiber structures. When subtracting fibers, only those which do not occur
in the other fiber bundle were copied into a new one. Figure 3.10(c) shows the corresponding
GUI elements.

Monitoring fiber processing

For usability reasons, a program usually provides feedback to the user when it is busy, e.g. while
executing an algorithm. MITK provided an interface with a Qt progress bar which allowed the
user to monitor the current progress of the computation. Unfortunately, this interface did not
work properly on all platforms, therefore, the mitkFiberBundleXThreadMonitor class
was introduced. Since the fiber processing framework was capable of multitasking, threads
executing fiber processing tasks and their current status were monitored by the user. When
executing a thread, signals were sent which call methods before and after initialization. In the
mentioned methods, the fiber monitor was updated to the current status. This feedback was
directly fed into the 3D render window which allows fancy and appealing visual effects. The
fiber monitoring infrastructure was implemented in the mitkFiberProcessingView class.
Monitoring could be activated in the GUI via a checkbox, which is shown in figure 3.3(b).

3.4 Evaluation

The evaluation part was divided into quantitative and qualitative sections to assess the success of
the applications described above. One of the aims was to test this application with radiologists
and domain experts, and determine its practicability. This was accomplished by two real-life
scenarios namely the DTI-tractography challenge MICCAI 2011 where the corticospinal tract
of the human brain had to be tracked based on clinical data. This tasks is a highly relevant
neurosurgically challenge in practice. The second scenario was the visualization of all fiber
structures of the human brain published in the DTI-Atlas book. In the context of these two
real-life applications the fiber processing framework was evaluated on both practical usage, and
a sufficient feature set supporting these tasks. However, in this work, the evaluation of the
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addressed problems and features along with their performance and efficiency are also considered
.

Qualitative evaluation

The aim of the qualitative evaluation was to assess whether the implemented tool for fiber pro-
cessing and fiber visualization meet the expectations of the end-users. End-users are domain
experts, radiologists and neuroscientists. In order to test applicability and translational rele-
vance of this work, scenarios were generated to evaluate and assess the framework. The aim
was to figure out, which of the realized options and modes were useful and supportive for the
target group. Results were obtained by personal interviews of the user after each experiment.
All experiments are listed below:

Representation of fiber structures

Tractography results can be represented in different ways, from vectors and matrices includ-
ing coordinates and direction information up to tubal shaped fiber tracts in 3D. Evaluation of
the shape and type of point, line and tube based representations in 3D with and without line
smoothening as well as fiber visualization in 2D were performed.

Coloring of fiber structures

When using colors, complex data can be visualized intuitively and efficiently. Color codings
such as orientation based, FA based color coding and FA as opacity level as well as custom
coloring of fibers were examined.

Fiber processing tools

Tools and computations for fiber processing are essential to work with fibers. The selected op-
tions for fiber processing include extracting, joining and merging of fibers. They were evaluated
if they are sufficient to perform common tasks in this field.

Usability

In this case, usability focuses on stability of fiber processing and the appearance of the GUI
compared to the remaining MITK plugins including interaction workflows and data handling.
Also subjective impressions about latency and their effect on the user during fiber processing
was evaluated.

Quantitative evaluation

In this section, a description of the methods and tasks of fiber processing and assessment of their
error rate, performance and efficiency is given. First, the output of fiber processing mechanisms
needed to be validated especially in case of fiber extraction. In reference to this, artificial fibers
with varying length but similar directions were generated. Additionally, fiber extraction was
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performed on real data based on the Gibbs tracking approach and evaluated subsequently. In the
next step, computational tasks were measured using the itkTimeProbe. Time measurements
were repeated ten times for calculating a mean value. The fiber processing framework supported
multithreading. The start command for time measuring was set right before the computational
task within the executing thread and was stopped right after the computation. Therefore, all
thread related pre- and post-processing were not included. The next measurements enumerated
user interactions and inputs to accomplish a given task or workflow. In the final evaluation study,
the fiber processing infrastructure was tested with results of common tractography approaches;
this included the local and stochastic approach of Ngo [38], Gibbs global and probabilistic, and
FACT streamline approach. The FACT output was computed using the external tractography
application from MedINRIA. This data was then imported into MITK. All computations and
measurements of the quantitative evaluation were performed on a computer with specifications
listed in table 3.1. The fiber processing framework was tested within the MITK ExtApp appli-
cation, available as an installer built (release mode). An overview of all tasks for quantitative
evaluation is listed below.

Checking for correct fiber extraction, join and subtraction: The purpose of these tests was
to validate if the applied fiber processing method performed as expected especially when
combining ROIs to boolean expressions. Therefore, a small set of fibers (Fiber phantom,
see table 3.2) were used which allowed a fast visual inspection of the computationally
extracted fibers. Following ROIs and combinations of ROIs were evaluated:

• Circular ROIs

• Polygonal ROIs

• AND planar figure composite

• OR planar figure composite

• NOT planar figure composite

• Join of extracted fibers

• Subtraction of fibers

Measuring processing and executing time: These tests were performed on fiber sets FS_A,
FS_B and FS_C (see table 3.2). The aim was to to give an assessment of the performances
of the following:

• Loading and initializing fiber data structures

• Rendering performance of representation modes

• Changing color modes

• Using interaction tools

Enumerate the number of inputs given by the user: For the following tasks fiber set FS_B
(see table 3.2) was used.

• Extracting the cingulum
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• Extracting the corticospinal tract

Compatibility of fiber processing: The purpose of this evaluation was to examine the compat-
ibility of the fiber processing tools to common tractography approaches including external
applications. In addition to Gibbs fiber tracking, fiber processing was also applied on fol-
lowing tractography approaches:

• Ngo’s stochastic tracking: Extract a fiber set using a ROI and apply white coloring
(using FS_D in table 3.2)

• FACT, performed on MedINRIA, see FS_F in table 3.2: Subtract any fibers but the
corpus callosum from the original fiber set.

Specifications of hardware and data

Machine iMac (Mid 2010)
CPU Quad Core-i7 (1.92GHz)

RAM 8 GB
Graphic Card ATI Radeon 5070

Storage Media HDD
Operating System OSX 10.6

Table 3.1: Operating system and hardware specifications of the testing machine.
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MRI MRI of human head. Single-shot EPI seqence on 3T MR scan-
ner; Three repetitions of 64 different gradient directions; 2.5 mm
isotropic resolution; Two shells at b-values of 1000 mm/s2 and
3500 mm/s2.

DWI post-processing Eddy currents and head motion correction using FSL flirt [69]
(affine registration of the baseline and diffusion weighted vol-
umes to the first baseline volume); Gradient directions were cor-
rected according to the transformation.

Diffusion model 1 Q-Ball reconstruction of acquired DWI data using default param-
eters provided by MITK. Based on this data, Gibbs tractography
was applied.

Diffusion model 2 Tensor reconstruction of acquired DWI data using default
paramters provided by MITK. Based on this data, stochastic
tracking was applied.

Tractography algorithm 1 Gibbs tractography using default parameters provided by MITK.
Tractography algorithm 2 Stochastic tracking using default parameters provided by MITK.

Fiberset_A (FS_A) Gibbs tractography result containing 639 fibers and 6,491 points
in total.

Fiberset_B (FS_B) Gibbs tractography result containing 35,109 fibers and 427,867
points in total.

Fiberset_C (FS_C) Randomly generated fibers using vtkPointSource();
149,978 fibers and 1,800,000 points in total.

Fiberset_D (FS_D) Stochastic tractography of corpus callosum and spinal cord con-
taining 986 fibers and 89,102 points in total.

Fiberset_E (FS_E) Gibbs tractography result containing 35,109 fibers and 427,867
points in total.

Fiber phantom Gibbs tractography result based on DWI data set of a phantom
provided by physics department at DKFZ. Fiber set contains 223
fibers and 3,333 points in total.

Fiberset_F (FS_F) FACT tractography performed by MedINRIA application. Fiber
set contains 27,756 fibers and 3,743,101 points in total.

Table 3.2: Applied acquisition and post-processing methods of DWI data as well as the per-
formed fiber tracking algorithm with its parameters.
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CHAPTER 4
Results

In this section the results of the implemented framework are presented. This involved the in-
tegration of visualization of fibers in 2D and 3D as well as interaction and fiber processing
mechanisms into MITK. Sixty seven experiments were performed to evaluate quantitative and
qualitative aspects of the described work. Further, the practicability of the fiber processing appli-
cation was evaluated based on the two mentioned real-life scenarios, DTI-tractography challenge
MICCAI 2011 and DTI-Atlas book.

4.1 Software design and application-level support

Data structures, fiber processing algorithms and user interfaces for efficient visualization and
interaction were successfully incorporated into the MITK platform. The source code is available
in the open source part of MITK. The fiber processing framework was incorporated into the
executable application MITK Diffusion Imaging (MITK-DI release date: 02-11-2011). This
application as well as source code are available online for Windows, Linux and OSX platforms.
GUI and GUI elements were designed in accordance with usability guidelines defined by the
MITK community in order to provide the optimal look & feel as well as usability patterns.
Furthermore, the fiber processing framework supported multithreading to increase performance
and improve the interaction experience for the end-users.

Qualitative Evaluation

The qualitative evaluation refers to the interviews and feedback of the end-users. The look &
feel of the fiber processing matches with the remaining MITK environment. Also the workflow
design, from data selection to applying an algorithm on fibers is similar to the remaining image
processing tools incorporated in MITK. When fiber processing tasks are performed, the appli-
cation provided feedback about its current status. Feedback from a progress bar would be more
intuitive than a status message in the 3D render window. Alternatively, some of the interviewees
suggested no feedback for computation at all. No subjective impressions like a frozen or crashed
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application are recognized during fiber processing. During the final testing of the MITK-DI re-
lease, all fiber processing tasks terminated successfully without any noticeable crashes whereas
during the real-life scenarios some crashes of the whole MITK application occurred which were
not of limiting relevance. Figure 4.1 shows the MITK application including GUI elements of
the fiber visualization and interaction framework.

Figure 4.1: This figure shows the MITK application including the datamanager (A), options for
visualizing fibers in 2D and 3D (B), parameter settings for Gibbs tractography (C), options for
coloring the fiber bundle(D). Feedback about the current status of fiber processing is shown in
the lower left corner of the 3D render window (H). Fiber set FS_B with orientation based color
coding is visualized.

Quantitative Evaluation

Time measurements of a basic I/O workflow and computation of the fiber data structures were
performed with data sets FS_A, FS_B and FS_C. The workflow was divided into three separate
sections, reading the fibers from the hard disk, initializing the appropriate data structure of fibers,
and finally, preparing and processing the fiber structures for the visualization pipeline. Table 4.1
shows the results for both data types, FB and FBX. As expected, both data types, FB and FBX,
showed no difference when visualizing them. Figure 4.2 shows the fiber sets used for evaluating
the performance in table 4.1.
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Fiber set Data type Reading Initializing Preprocessing
from HDD data type for rendering

FS_A FB 0.07 (0.00) 0.36 (0.00) 0.17 (0.00)

FBX 0.03 (0.00) 0.01 (0.00) -
FS_B FB 4.57 (0.14) 20.59 (0.26) 11.28 (0.66)

FBX 2.23 (0.01) 0.19 (0.00) -
FS_C FB 20.89 (0.82) 89.70 (0.78) 122.72 (16.48)

FBX 9.35 (0.02) 1.12 (0.01) -

Table 4.1: Computation of data structures in seconds (lower = better). Measurements are rep-
resented by the mean value and standard deviation of 10 replicates for each experiment. The
standard deviation is listed in brackets next to the mean value. Precision was round up to two
positions after decimal point. FB (mitkFiberBundle), FBX (mitkFiberBundleX).

4.2 Visualization of fiber tracts

Fibers were visualized in 2D and 3D space which supported representation of points, lines, tubes
and smoothed structures. When fiber data was loaded into MITK, visualization of the fibers in
the corresponding renderwindows and orientation based coloring were automatically applied.

Qualitative evaluation

The qualitative evaluation of this section describes different representation modes for fiber vi-
sualization and reflects the feedback of end-users. In addition to that, color coding such as
orientation based coloring as well as scalar based coloring were tested and evaluated.

Representation of fiber structures

For this evaluation, fiber set FS_B was used. The following four paragraphs focus on fiber
representation in 3D, followed by an explicit paragraph summarizing the feedback for 2D fiber
visualization.

Points: With respect to point based representation, all end-users were of the same opinion. A
point based representation does not give the best overview of neural pathways, although
this mode represents exactly the results of fiber tracking algorithms because they provide
a sorted list of points. However, such point clouds in 3D assist interpretation of density of
fiber structures. An example is shown in figure 4.3(a).

Lines: This mode provided an intuitive overview of fibers which was also applied to generate
images for the DTI-Atlas book. It is easy to track fibers using navigation mechanisms such
as zooming, panning and rotation. Its representation can give rise to sharply edged tracts
that do not match with anatomical expectation of human fibers. A realistic 3D impression
is not given because light and shade was missing. However, when navigating through the
fibers using zooming and rotation this drawback is compensated. An example is shown in
figure 4.3(b).
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(a) FS_A as mitkFiberBundle (b) FS_A as mitkFiberBundleX

(c) FS_B (d) FS_C

Figure 4.2: This figure shows the fiber sets used for evaluating the performance of the data
structure in terms of I/O within MITK. Subfigures (a) and (b) show fiber set FS_A containing
639 fibers, where (a) is a FB data structure and (b) is FBX. From the visualization point of view,
both data types look the same. Subfigure (c) shows fiber set FS_B including 35,109 fibers and
(d) shows fiber set FS_C hosting 149,978 fibers. All structures show orientation based color
coding.

Tubes: The tubal shape gives the most realistic impression of fibers even without applying any
navigation techniques compared to lines. Tubes actually represent a surface including
light and shading. So far a tubal representation is not mandatory since it was mainly used
for generating good looking images in 3D. However, there are tasks where the radius of a
tube can support describing parameters of fibers and diffusion [70, 71] and tubes would
be a nice feature to have. An example is shown in figure 4.3(c). For the DTI-Atlas book,
images of fiber structures represented as tubes were also published.

Smoothed lines and tubes: Smoothed fiber structures provide a more natural representation of
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fiber paths appearing in nature. In some cases fiber smoothing provided a better under-
standing of the fiber orientation, especially in areas of high fiber density. (See figures (e)
and (f)). End-users from the computational field made no difference between smoothed
and non smoothed fibers except for statistical purposes. For fiber processing tasks both
smoothed and non smoothed fibers can be applied without noticing any difference in the
results. In terms of statistical analysis of fiber structures, in general, smoothed fibers
shows a longer path and more points compared to original non smoothed fibers. This is
due to the interpolation algorithm which added points in between points from the original
data. However, this a useful option for generating naturally looking fiber structures. An
example for smoothed lines is shown in figure 4.3(d).

Visualizing fibers in 2D: Visualizing fibers in 2D by default was a new experience to most in-
terviewed end-users since other free available applications for fiber visualization require
explicit commands of the user. Fiber structures in 2D and 3D appears consistently allow-
ing intuitive and accurate navigation through fiber data. It is to be noted that consistent
coloring of fibers was applied by the GPU based approach for 2D visualization (see fig-
ure 4.5). Thickness of the 2D slice could be adjusted dynamically, which is a common
feature for normal images in radiology. The results of the CPU based approach using
vtkCutter is illustrated in figure 4.5(a). At DTI-tractography challenge MICCAI 2011
fiber visualization in 2D lead to accurate ROI placement for fiber extraction.

(a) Point based representation (b) Fibers represented as lines

(c) Fibers represented as tubes (d) Smoothed fiber structures

Figure 4.3: This figure shows all implemented representation modes in 3D. Data set FS_A
with orientation based color coding is shown. Subfigure (a) represents fiber structures as points,
while (b) and (c) represent lines and tubes. In (d) the fibers are smoothed from (b).
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Coloring of fibers

In the following sections different color codings for fiber structures are evaluated based on the
feedback of interviewed end-users.

(a) Orientation based color coding (b) FA based color coding

(c) FA as opacity levels (d) Individual color coding

Figure 4.4: This image shows different variations of color coding applied to the fiber set of the
phantom. (a) shows orientation based color coding, (b) represents FA values as a color scheme,
where yellow and red represent high and low FA values, respectively. (c) illustrates FA values as
opacity in combination with orientation based color coding and subfigure (d) shows individual
colors applied by the user.

Orientation based color coding: This is a basic color coding also available in other software
applications for fiber visualization. Applications and frameworks were introduced in
chapter two. Due to the correlation of colors and the orientation of fiber segments, vi-
sual identification of fibers along similar directions could be accomplished, even on areas
of of complex fiber constellation. An example for orientation based color coding is shown
in figure 4.4(a). This coloring was applied to generate images for the DTI-Atlas book and
it also supported navigation through the fiber set at DTI-tractography challenge MICCAI
2011.
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FA based color coding: When FA based coloring is performed, fiber segments of high FA shared
the same color helping to identify similar levels of diffusion. This helps explaining trac-
tography results since FA coloring visualizes directional uncertainty in combination with
the respective fibers. In practice, this technique is applied to evaluate diffusion parameters
of fiber phantoms. See figure 4.4(b) showing a FA color coded phantom which provides
information about its physical characteristics. One interviewee, a radiologist, still prefers
using FA maps instead of the corresponding coloring fibers.

FA as opacity level: This is a new and practicable feature, because it combines both advan-
tages of FA and orientation based coloring. This feature also captured the interest of
radiologists, who preferred FA maps to FA coloring. This mode is shown in figure 4.4(c).

Individual coloring: This coloring allows individual coloring of individual fibers. As opposed
to orientation based coloring, fibers can now be illustrated according to their anatomical
affiliation even if they run through areas of complex fiber constellation. Anatomical struc-
tures such as the corpus callosum, cingulum etc. are colored individually. This technique
was also applied to generate images of specific areas of the human brain for the DTI-
Atlas book. Also physical correlations were displayed intuitively by grouping individual
structures. This coloring is illustrated in figures 4.4(d) and 4.9.

Quantitative evaluation

Performance of representation modes in 2D Both the CPU and GPU based approach for
visualizing fibers is evaluated in this section. Since the OGSL based mitkFiberShader2D
shader was executed on the GPU, the calculation time for each frame was measured. Table 4.2
shows the performance of each method. It should be noted that time and frame measurements
represent the values for a single 2D render window.

Mapping method Fiber set Computation time Computation time
for 1 slice (CPU) of frame (GPU)

vtkCutter FS_A 0.0017 (0.00) 4.8E-05 (0.00)

FS_B 0.8358 (0.02) 4.5E-05 (0.00)

FS_C 5.9417 (0.27) 4.9E-05 (0.00)

mitkFiberShader2D FS_A - 0.0008 (0.00)

FS_B - 0.0116 (0.00)

FS_C - 0.1361 (0.01)

Table 4.2: Performance of representation modes in 2D. This table shows the computation time
for performing a cut through the data set (CPU based cutter approach) and for calculating the 2D
visualization on the GPU (shader approach). Lower computation time = better. Measurements
are represented as the mean value and standard deviation of 10 replicates for each experiment.
The standard deviation is listed in brackets next to the mean value.
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(a) vtkCutter filter (+ crosshair) (b) Thick slab using vtkCutter (+ crosshair)

(c) 2D mapping using mitkFiberShader2D (d) Thick slab using mitkFiberShader2D

(e) mitkFiberShader2D in combination with thick slab and fading effects

Figure 4.5: This figure shows the outcome of several techniques for 2D visualization including
the vtkCutter filter, illustrated in (a) and (b). This filter has no information about the original
color or adjacent points, therefore the result is colored with a single color only. (b) and (d)
show thick slab of 2 cm. (c) to (e) illustrate the results when using the mitkFiberShader2D
shading mechanism including depth and fading effects.
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Performance of representation modes in 3D

These measurements were performed during fiber rotation in the 3D render window using mouse
interaction. Table 4.3 shows the results for point, line and tube based representation modes us-
ing the method GetLastRenderTimeInSeconds() provided by vtkRenderer, which
determines the calculation time for rendering one frame. Figure 4.2 shows the data sets applied
for this evaluation.

Fiber set Representation Calculation
mode time of frame

FS_A Points 0.00 (0.00)

Lines 0.00 (0.00)

Tubes 0.03 (0.00)

FS_B Points 0.00 (0.00)

Lines 0.04 (0.02)

Tubes 199.13 (46.52)

FS_C Points 0.00 (0.00)

Lines 0.11 (0.01)

Tubes >200*

Table 4.3: Performance of representation modes in 3D measured in seconds. This table shows
the frame rate for common representation modes in 3D. Lower calculation time = better. Mea-
surements are represented by the mean value and standard deviation of 10 replicates for each
experiment. The standard deviation is listed in brackets next to the mean value. *After 120
seconds of initializing this mode, memory started swapping out. Therefore it is assumed that
rendering more than 35,109 fibers would take more than 200 seconds.

Computation of fiber smoothing

In this section the computational performance of fiber sets FS_A - FS_C are evaluated. Table 4.4
lists the execution time for applying fiber smoothing to the given fiber bundle. The smoothing
parameter was set to 10 points per centimeter. Figure 4.7 shows the processed fiber structures.

Fiber set Total points after Execution time
(number of points) smoothening
FS_A (6,491) 42,037 0.12 (0.00)

FS_B (427,867) 2,810,138 7.23 (0.02)

FS_C (1,800,000) 20,438,638 38.97 (0.08)

Table 4.4: This table shows the execution time in seconds for fiber smoothing of the fiber sets
FS_A - FS_C. Lower execution time = better. Measurements are represented by the mean value
and standard deviation of 10 replicates for each experiment. The standard deviation is listed in
brackets next to the mean value.
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(a) FS_A represented as points (b) FS_B represented as points (c) FS_C represented as points

(d) FS_A represented as lines (e) FS_B represented as lines (f) FS_C represented as lines

(g) FS_A represented as tubes (h) FS_B represented as tubes

Figure 4.6: This figure shows the processed datasets for evaluating the performance of all
implemented representation modes. Fiber sets FS_A ((a), (d), (g)), FS_B ((b), (e), (h)) and
FS_C ((c), (f)) were used for this experiment. Subfigure (a) to (c) show the applied data sets
in point based representation, whereas (d) to (f), and (g) and (h) illustrate line and tube based
visualization, respectively. Due to memory and performance limitations of the testing machine,
tubal representation of FS_C could not be accomplished. All fiber structures are shown with
orientation based coloring.
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(a) FS_A (b) Smoothed FS_A

(c) FS_B (d) Smoothed FS_B

(e) FS_C (f) Smoothed FS_C

Figure 4.7: This figure shows the fiber structures for evaluating the performance of smoothing
where the left column represents the original data and the right column the smoothed structures.
All fiber sets show orientation based coloring.
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Computation of fiber coloring

In this section the results of all implemented color modes tested on fiber bundles are summarized.
In table 4.5 the execution time for applying the requested color coding to the given fiber bundle
is listed. The data sets used for this evaluation are shown in the left column of figure 4.7.

Fiber set Coloring Execution time
FS_A Orientation based 0.00 (0.00)

FA coloring 0.00 (0.00)

FA as opacity 0.00 (0.00)

Individual 0.00 (0.00)

FS_B Orientation based 0.05 (0.00)

FA coloring 0.12 (0.00)

FA as opacity 0.01 (0.00)

Individual 0.00 (0.00)

FS_C Orientation based 0.23 (0.00)

FA coloring 0.48 (0.00)

FA as opacity 0.03 (0.00)

Individual 0.00 (0.00)

Table 4.5: This table shows the execution time in seconds for different color codings and varying
number of fibers. Lower execution time = better. Measurements are represented by the mean
value and standard deviation of 10 replicates for each experiment. The standard deviation is
listed in brackets next to the mean value.

4.3 Fiber interaction and processing

Besides visualization of fibers, interaction with them is one of the main goals of the fiber pro-
cessing framework. All interaction mechanisms (see chapter 3) were successfully implemented
and the results from the user’s perspective are described below. For extracting fibers, ROIs
were drawn on the 2D views and visualized also in 3D. Accurate and exact placement of ROIs
could be achieved with previously existing interaction mechanisms in MITK, namely zooming,
panning and swiveling of 2D views. ROIs were combined as shown in figure 4.9(d) where the
corticospinal tract was extracted. With this technique all fiber structures could be extracted. The
joining and subtraction operation is shown in figure 4.10(j).

Qualitative evaluation

The fiber processing framework provided tools for extracting, joining and adding functional val-
ues to fiber structures. Extracting fibers defined a major task for both the DTI-Atlas book and
DTI-tractography challenge MICCAI 2011. Although fiber visualization in 2D could not be ac-
complished, ROIs could still be placed in the 2D views and were synchronously visualized in
the 3D view. Therefore, precise fiber extraction could still be performed. Combination of ROIs
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to boolean expressions was also performed for efficient extraction of the desired fiber structure.
For example the superior longitudinal fasciculus was extracted using an AND combination of
ROIs, see figure 4.8(c) and 4.8(d). In combination with options for coloring, all requirements
to accomplish the desired tasks of the editors of the DTI-Atlas book were fulfilled. Figures
4.9 and 4.8 show several cases demonstrating how certain structures of the human brain were
extracted and visualized. These images were also published in the DTI-Atlas book. The prin-
ciple challenge at MICCAI 2011, with respect to fiber post-processing, was precise yet at the
same time fast extraction of fiber data from the corticospinal tract. Fiber visualization in 2D,
optimized extraction mechanisms and real-time visualization of the tractrography data ensured
that this challenge was met. Visualization of complex and neurosurgically relevant areas of the
brain were achieved by using combination of minimal number of ROIs. From the perspective of
radiologists and surgeons this simplified methodology augments its usability and practicability.
For example the extraction of the corticospinal tract could be accomplished with just 3 ROIs as
shown in figure 4.9(d).

(a) Fronto-pontine tract (red), cortico-spinal tract
(yellow), parieto-occipital-pontine tract (green)

(b) Uncinate fascicles (red), inferior fronto-
occipital-fasciculus (yellow), inferior temporal
cortex (green)

(c) AND combination of ROIs (d) Extraction of arcuate fasciculus

Figure 4.8: Results of quantitative evaluation of fiber processing. (a), (b) extracted fibers of
individual coloring, (d) result of ROI extraction (c) and orientation based coloring of fibers.
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Quantitative evaluation

Validation of fiber extraction, joining and subtracting

This section evaluates whether the applied fiber processing mechanisms performed as expected
by visual (see figure 4.10) and computational validation (see table 4.6).

Fiber processing ROI ID Calculated result Expected result
Circle ROI 1 72 72

2 44 44
3 23 23

Polygon ROI 4 20 20
5 27 27

AND combination 1, 3 19 19
OR combination 1, 3 76 76
NOT combination 4 203 203
Join 1+2 116 116
Subtraction (1+2)-2 72 72

Table 4.6: Comparing the expected and observed results of fiber extraction, joining and subtrac-
tion based on the fiber phantom. The result columns list the number of fibers.

Tracking interaction steps of the user

For this part, the user had to accomplish several tasks, for e.g., extracting certain regions of the
brain. FS_B was the input for this experiment which was converted into FB and FBX (see table
4.7). To accomplish the given tasks, interaction mechanisms such as zooming, panning, swivel-
ing and rotation were performed. The resulting extraction of cingulum contained 40 fibers and
the extracted corticospinal tract contained 960 fibers. Figure 4.9 shows the extracted structures.

Task Type Number of Execution
ROIs time

Extracting FB 2 100.73 (0.85)

Cingulum FBX 2 0.82 (0.01)

Extracting FB 3 88.90 (0.62)

Corticospinal Tract FBX 3 1.24 (0.01)

Table 4.7: Measuring number of ROIs, as well as execution time in seconds to extract specific
areas of the fiber set with both FB (mitkFiberBundle) and FBX (mitkFiberBundleX). Fiber set
FS_B was used for this evaluation. Measurements are represented by the mean value and stan-
dard deviation of 10 replicates for each experiment. The standard deviation is listed in brackets
next to the mean value.
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Performing fiber processing on common tractography approaches

This section evaluates the usage of the implemented fiber processing tools on outputs of various
tractography approaches including FACT, local and stochastic tracking, and Gibbs tracking. All
fiber processing methods (coloring, extraction, join and subtraction) were applied to fiber sets
FS_B, FS_D and FS_F. Examples of the processed fiber structures are shown in figure 4.11.

(a) Extracted corpus callosum of FS_F (b) Stochastic tractography, individual coloring of
fibers intersecting with ROI

Figure 4.11: This figure shows several fiber interaction and visualization mechanisms ap-
plied on results of different tractography approaches. FS_F was imported from MedINRIA and
processed using the fiber framework. (a) shows the extraction of the corpus callosum and orien-
tation based coloring. In (b) orientation based coloring as well as individual coloring of the ROI
selection were applied on FS_D.
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(a) ROIs for cingulum (b) ROIs for corticospinal tract

(c) Cingulum, orientation based coloring

(d) (A,B) ROIs in 2D on FS_B, (C) corticospinal tract in 3D, orientation based coloring

Figure 4.9: This figure shows the boolean concatenation of ROIs in the data manager (a) and
(b). The extracted results are shown in (c) and (d) C. (d) A and B show ROI selection in 2D. For
this experiment fiber set FS_B was used. For this experiment fiber set FS_B was used.
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(a) Original fiber set (b) Circle ROI 1 (c) Circle ROI 2 (d) Circle ROI 3

(e) Polygon ROI 4 (f) Polygon ROI 5 (g) AND of ROI 1 and 3 (h) OR of ROI 1 and 3

(i) NOT of ROI 4 (j) Join of (b) and (c) (k) Subtraction of (j)
and (c)

Figure 4.10: This figure shows the data set and ROIs used for evaluating fiber extraction, as
well as their joining and subtracting. For this experiment the phantom fiber set was used. All
fibers show orientation based color coding. The ROIs were set with the support of 2D plane
swiveling.
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CHAPTER 5
Discussion

In this work, a framework for fiber processing was introduced to the open source community of
MITK. Tools for managing and processing of fiber structures were successfully incorporated. To
meet challenging requirements (chapter 2 table 2.1) such as efficient fiber visualization and inter-
action, a flexible strategy for the development was defined. This included the implementation of
two approaches based on ITK and VTK, for the representation of fibers in the framework. These
two methods were then contrasted and compared by quantitative evaluation of their performance
to determine the more efficient approach. An effective distribution of the superior method was
subsequently achieved due to the open-source feature of the framework, thus empowering devel-
opers to include the code into their platforms. CTK compatibility allows sharing data structures
with other CTK based platforms. Further, due to the modular concept of MITK it is possible to
build one’s own application around such a framework. Executable installers for Windows, Linux
and OSX including this fiber framework are available online in the MITK-Diffusion application.
Commonly used data formats for medical imaging are also fully supported. This increased level
of compatibility and interoperability are beneficial for a long term distribution of the fiber frame-
work in a large radius. Additionally, to gain acceptance of end-users, features from radiological
applications were adopted to increase the application spectrum of fiber processing. Therefore,
features from currently available solutions as well as requirements directly from the end-users
were included. Another major focus was to introduce innovative techniques for fiber visualiza-
tion in 2D and 3D, as well as intuitive fiber handling in conjunction with accurate and interactive
tools for efficient fiber processing. All interaction and visualization mechanisms were efficiently
synchronized between 2D and 3D to keep the medical context consistent and to provide an in-
tuitive and user friendly environment. To develop this in adequate time, several testings with
selected end users were applied as well as constant performance testings of the implemented
methods and techniques were conducted. In the following paragraphs, the main features of the
application along with their advantages and limitations are discussed. An objective comparison
to currently established fiber processing applications is also included.
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5.1 Software design and application-level support

The fiber processing workflow defines several steps starting from initializing the data type con-
taining fiber information, techniques to interact with and process fibers and to initialize fiber
visualization. For efficient fiber processing, each step of the workflow needed to be opti-
mized. Therefore, both ITK and VTK based techniques were assessed in parallel for perfor-
mance as well as seamless integration into the whole fiber processing workflow. The data type,
mitkFiberBundle, was implemented based on the ITK approach, whereas mitkFiber-
BundleX was developed using VTK based methods. From the operational point of view, both
cases were able to fulfill the given tasks and requirements but in terms of efficiency, FBX showed
higher performance and better integration into the workflow. The ITK based fiber structure pro-
vides more convenient interfaces to manage fiber data due to the itkDTITubeSpatial-
Object class. In contrast, VTK offers a more generic data type namely vtkPolyData
which is more flexible and allows adding individual parameters. Overall, the ITK based ap-
proach showed several bottlenecks, especially when processing fibers, e.g. extracting or cut-
ting a set of fibers. For this task no appropriate methods are provided by ITK, therefore cus-
tom methods needed to be implemented explicitly. In comparison, VTK offers many power-
ful filters for its polydata format which experience constant contribution from its open source
community. At the visualization level, FBX integrates better into the workflow since its data
format is already compatible to the visualization pipeline. On the other hand, all data from
itkDTITubeSpatialObject needed to be processed into the VTK format for visualiza-
tion. The feature to visualize temporary results of running tractography algorithms could only
be accomplished by the VTK based data structure efficiently. To be fair, requirements for the
fiber framework were more focused on the visualization and interaction level where VTK offers
adequate methods compared to ITK which specializes in traditional image processing. Hence,
a modular concept separating fiber visualization from fiber processing using VTK and ITK re-
spectively was not efficient.

5.2 Visualization of fiber tracts

For representing fiber structures in the VTK based render windows of MITK, three major modes
including points, lines and tubes were assessed. In the digital world, fibers are composed of ad-
jacent points, while intuitive representation of axons and nerve fibers usually are associated with
tubes or strings. Representing only raw data, i.e. points, was insufficient for fiber exploration
because it took tremendous effort and concentration to follow directions of fibers when dealing
with large data sets. This method was applied for identifying only areas of high fiber density.

3D visualization

So far, tubes in 3D provide the most realistic impression of fibers because VTK defines tubes
as surfaces supporting light and shade effects. When dealing with fiber sets > 15,000 fibers,
on current mainstream computers, the rendering mechanism of this mode occupies all resources
causing juddering during user interaction, e.g. when rotating in 3D. However, to overcome this
performance issue, specific fibers can be explicitly extracted and visualized as tubes without
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compromising judder free user interaction. On the other hand, line structures can be visualized
up to 150.000 lines or even more without any notable performance issues. A difference in color
representation was recognized between the two modes due to the missing light and shade effects
of line structures. However, by applying rotation, e.g. mouse interaction, the 3D impression
could be achieved even without 3D illumination of fibers.

2D visualization

For 2D visualization several techniques to map fiber structures onto 2D planes were tested and
evaluated. When dealing with small fiber sets, all mapping mechanisms showed similar results in
performance, but for large data sets only the GPU based shader approach was able to accomplish
this task efficiently. Instead of explicitly extracting 2D slices of the fiber structure using CPU
based methods provided by VTK, the OGSL based shader script, mitkFiberShader2D was
added to the 2D rendering pipeline which performs the mapping directly on the GPU by dropping
all fiber fragments not matching to the 2D viewing plane. Thick slab was realized by adjusting a
parameter defining which fragments within the desired range are still visible. When using thick
slab, fibers in 2D view show 3D characteristics, therefore lower endings of these fiber parts are
rendered with fading effects for depth illustration. Fading is optional and can also be turned
off. When activating them in 2D, colors of the fibers are manipulated. Therefore this feature
should be used carefully especially when mapping scalar values, e.g. FA, to colors. So far,
each fiber representation mode is treated equally by the shader, e.g. tubes in 3D share the same
2D representation as lines and points. In this particular case the context between 2D and 3D is
not consistent anymore but serves subjectively for clear representation especially when dealing
with large fiber sets. Point based representation can be applied by setting thick slab to the
minimal range. This implies that each crossing point of the fiber set is drawn onto the 2D plane
even if this point does not occur in 3D. On the other hand, fiber tubes in 2D would be drawn
as circles depending on the radius they can overlap which leads to new challenges. However,
so far no other platform or solution has been able to offer 2D visualization on such a level of
interaction and performance. Especially for radiologists, to our knowledge, workflows with 2D
visualization is a major part of their clinical routine. Therefore the provided 2D representation in
combination with the interaction tools increased both usability and accuracy of fiber processing
to an efficient and practical level.

Coloring of fibers

Colors are a powerful instrument to gain better understanding of the illustrated output and re-
sults. Common color codings such as orientation based and individual coloring as well as map-
ping scalar values to colors, e.g. FA maps were implemented into the framework. For better
comprehension of fiber paths, orientation based color coding was applied to fiber structures by
default. This provided a better overview of fiber structures in 3D. Furthermore single fibers
could also be determined effectively due to mixing colors in areas of fiber crossings. For FA
based color coding, opposing arguments from radiologists and scientists were encountered. Sci-
entists, especially tractography developers supported this coloring since this mode was applied
to evaluate diffusion parameters. Also unusual sharp edged fibers could be analyzed immedi-
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ately based on colors indicating high and low FA. In contrast, radiologists preferred more the
combination of orientation based coloring and FA as opacity levels, thus unifying advantages of
both options. Since coloring can be individual for different tasks, the framework was designed
to allow easy implementation of individual modes within a few steps.

5.3 Fiber interaction and processing

The basic idea of the fiber processing concept was to provide intuitive tools with accurate and
interactive characteristics. Other solutions require segmentation images or 3D objects to per-
form fiber selection and extraction, whereas in the introduced fiber framework shape types such
as circles and polygons can be drawn into 2D views to select fibers for extraction or further
processing. Such selection tools are also available in many mainstream photo and image pro-
cessing software kits. Therefore, no time consuming training for applying selections and ROIs
are needed. ROI figures allow permanent interaction, e.g. modifications and adjustments, as
well as methods for storing and loading are supported to raise the level of reusability. Further, to
keep the context between 2D and 3D consistent, each ROI is immediately rendered and updated
in 3D as well as in the remaining 2D render windows. From the user perspective, this feature
improves flexibility and accuracy by providing methods to monitor and fine tune selections in
real time. Fiber extraction could be performed with a few mouse clicks by loading the fiber data,
drawing a ROI in 2D and executing the extraction mechanism. A concept for ROI interaction
directly in 3D was not developed during this work. This would have required the support and
evaluation of several input mechanisms for 3D navigation. The human brain contains a complex
web of fiber structures, hence the fiber processing tools were also designed for complex tasks.
Extracting fibers that run through several areas of the brain are achieved by combining ROIs
to boolean expressions such as AND, OR and NOT operations. However, when using the ITK
based fiber data structure for fiber extraction, the computation of the resulting output was highly
inefficient. Due to complexity issues such calculations took up to 15 minutes or even more on
huge data sets. Instead of iterating each point and each fiber, efforts to improve the performance
were taken, which reduced the computation steps. VTK already provides methods to master this
task in a more efficient way. In addition to the performance boost experienced within the visu-
alization workflow, FBX also shows high performance for fiber extraction tasks. Tasks which
needed couples of minutes could now be accomplished within few seconds since VTK provides
optimized filters calculating intersection points between lines stored in vtkPolyData and the
plane of the ROI. Information about which crossing point is related to which fiber is provided by
the output of the filter. This method as well as the index based lookup mechanisms for crossing
point processing were applied to identify fibers inside a ROI efficiently. Protocols to measure
the error rate for extraction tasks were applied to ensure that the optimization steps did not cause
any unwanted side effects.
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5.4 Comparison of performance to previously available fiber
processing frameworks

The tested applications for fiber processing were introduced in chapter two. With respect to the
defined requirements for fiber processing in practice, e.g. in radiology, visualization, interaction
and fiber processing features were missing. Some applications were able to visualize normal
images in 2D but not fibers. Only MedINRIA was able to visualize fibers in 2D but the repre-
sentation was not consistent with the fibers represented in 3D. Additionally their performance
in 2D was not judder free with larger datasets (e.g. FS_B containing approx. 36,000 fibers). In
contrast, MITK equipped with the fiber processing framework developed during the course of
this work, is capable of fast, judder free and consistent 2D fiber visualization, even with large
data sets. Features such as thick slab for fibers which are unavailable in MedINRIA have been
incorporated into MITK. Accurate methods to interact with fibers in 2D are not provided by oth-
ers. Instead, 3D objects like spheres and cubes are used to select fibers. This is not practicable
in a radiology setup where radiologists are used to drawing segmentations intuitively onto 2D
slices. Whereas tools for selection and extraction of fibers using circles or polygons which can
be drawn onto the 2D views can now be realized in MITK.
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CHAPTER 6
Conclusion

This thesis makes an important contribution to porting tractography into practice. It introduces a
framework for fiber processing that is capable of dealing with tasks currently in demand in this
area. In combination with previously existing interaction mechanisms of MITK, common tasks
in this field can be accomplished efficiently. Different imaging modalities in combination with
diffusion imaging data, explicit tractography information and a consistent context between 2D
and 3D representation lead to improved or even new applications in this area.

Accurate investigation and processing of results from different tractography algorithms in-
cluding FACT, stochastic tracking and Gibbs tracking can now be performed within the same
framework. Instead of implementing a previously existing tractography algorithm in the frame-
work, fibers generated by any desired tractography method from an external software application
can simply be imported into the framework. This is possible, since usually external software
applications support a standard vtkPolyData export mechanism. Fibers from the FACT al-
gorithm were imported because MITK currently implements only stochastic tracking and Gibbs
tracking. This versatility and adaptability allows the comparison of selected structures of the
brain from different tractography approaches. Additionally, to evaluate different tractography
algorithms, the influence of varying DWI sequences on fiber tracking can also be visually evalu-
ated. Tools of the fiber framework including fiber extraction using ROI selection, applying color
coding as well as MITK-wide interaction mechanisms such as zooming, panning, rotation in
3D and swiveling of 2D planes were successfully applied for each tracking approach. The tools
provided simple and interactive interfaces to accomplish both accurate and complex tasks in an
intuitive manner. Users with MITK experience were able to manage the fiber framework in a
short time, hence the same workflow patterns were adopted. However, since usability and intu-
itive designs are subjective parameters, evaluation of the platform needs to be done on a larger
scale to get a clearer picture.

A few of the limitations of this fiber framework are the automatic and misleading change of
colors in 2D when shading effects are applied, constraints in 3D visualization when rendering
tubes of large data sets, and unavailability of the option to select fibers using spherical ROIs as
opposed to other frameworks.
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Mechanisms for fiber visualization and fiber processing described in this work were used
at the DTI-tractography challenge MICCAI 2011 and to generate images for the DTI-Atlas.
Positive results show that the principles of this fiber framework may have high potential in the
research field. In the last 10 years, MITK has garnered acceptance in the research field as well
as in industry and clinical practice. Therefore such an effective technique for interactive fiber
processing implemented into a popular platform such as MITK would augment its translational
relevance and its application in a clinical field. From a different point of view, mobile applica-
tions have gathered a growing interest in medicine in recent years. Therefore, to maximize the
target group, the fiber framework can also be ported to mobile devices. Although a prediction
of the degree of acceptance and clinical ramifications can not be given at this juncture, there
seems to be an appreciable potential for tractography applications in the clinical field. This can
be attributed to the successful collaborations of past decades between radiologists and computer
scientists, ultimately benefitting patient care.
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