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Abstract Diffusion magnetic resonance imaging (dMRI) is a medical imaging
method that can be used to acquire local information about the structure of white
matter pathways within the human brain. By applying computational methods
termed fiber tractography on dMRI data, it is possible to estimate the location and
extent of respective nerve bundles (white matter pathways). Visualizing these com-
plex white matter pathways for neuro applications is still an open issue. Hence,
interactive visualization techniques to explore and better understand tractography
data are required. In this paper, we propose a new interaction technique to support
exploration and interpretation of white matter pathways. Our application empowers
the user to interactively manipulate manually segmented, box- or ellipsoid-shaped
regions of interest (ROIs) to selectively display pathways that pass through specific
anatomical areas. To further support flexible ROI design, each ROI can be assigned
a Boolean logic operator and a fiber direction. The latter is particularly relevant for
kissing, crossing or fanning regions, as it allows the neuroscientists to filter fibers
according to their direction within the ROI. By precomputing all white matter path-
ways in the whole brain, interactive ROI placement and adjustment are possible.
The proposed fiber selection tool provides ultimate flexibility and is an excellent
approach for fiber tract selection, as shown for some real-world examples.
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Fig. 1 Illustration of filtering method based on directional regions of interest (ROIs). Left: De-
activated directional filtering yields an imperfect result for motor pathway which also comprises
lateral fibers in green (a). Optimal result after directional filtering, providing the motor pathway
without any confounding fibers (b). Right: Fiber selection based on ROI (directional filtering deac-
tivated) yields imperfect result containing fibers of both the cingulum and the corpus callosum (c).
Activation of directional filtering allows to either extract the corpus callosum (d) or the cingulum
(not shown here).

1 INTRODUCTION

The human brain is a highly interconnected organ comprising about 100 billion
neurons and 150 trillion synapses. In order to gain insight into the complex archi-
tecture, diffusion magnetic resonance imaging (dMRI) and suitable reconstruction
techniques have emerged (see [1] for an overview). dMRI measures the diffusion of
water, which originates from the random motion of molecules due to thermal en-
ergy. In fibrous tissue such as the white matter of the nervous system, diffusion is
restricted to a preferred direction. Therefore, conclusions about the underlying tis-
sue structure can be drawn from the diffusion measurements. This makes it possible
to analyze the structure of the human brain in vivo, which is of interest for different
areas in medical research and applications.

The acquired diffusion characteristics support the diagnosis of certain pathologi-
cal disorders, e.g. acute ischemic stroke, degenerative diseases such as Alzheimer’s
disease or psychiatric disorders such as schizophrenia. In neuroanatomy and neuro-
surgery, the diffusion measurements serve as a basis for the reconstruction of white
matter structures.

However, the processing and visualization of dMRI data is a non-trivial task due
to the complexity of the acquired data, which comprehensively describes the local
diffusion properties. The inherent complexity of the diffusion imaging data has trig-
gered research efforts towards the reconstruction and visualization of white matter
tracts, which comprise the design of meaningful scalar metrics, adequate reconstruc-
tion algorithms, as well as comprehensive visualization techniques.

In recent years, there has been a steady progress, both on the imaging side as well
as on the fiber reconstruction side. The advent of more sophisticated diffusion mod-
els based on high angular resolution diffusion imaging (HARDI) has led to more
detailed information regarding the underlying diffusion profiles. This is of particu-
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lar interest in case of regions with a complex white matter architecture, such as fan-
ning, kissing or crossing fibers. Based on this imaging data, fiber tractography algo-
rithms have emerged that are able to address such complex fiber configurations. The
pathways produced by tractography are abstract representations of possible routes
through the white matter of the brain.

Recent tractography approaches comprise global and probabilistic methods, as
well as approaches that are designed to resolve fiber crossings by regularized
HARDI tractography. In Reisert et al. [2], a global approach to generate optimally
distributed fibers along the white matter structures is proposed. The probabilistic
approach proposed in Jeurissen et al. [3] uses a residual bootstrap tractography to
account for orientations of multiple intravoxel fiber populations. An approach to
simultaneously estimate the local fiber orientations and perform multi-fiber tractog-
raphy is introduced in Malcolm et al. [4], which proved to significantly improve the
angular resolution at crossings and branchings. Jeong et al. [5] combine indepen-
dent component analysis tractography with a ball-stick model to isolate intravoxel
crossing fibers even for small numbers of fibers with the same orientation. In order
to better resolve complex fiber configurations, Rowe et al. [6] propose a tractogra-
phy approach that takes into account fiber dispersion which aids their approach in
finding connectivity commonly missed by other methods.

However, visualizing these complex white matter pathways for neuro applica-
tions is still a non-trivial task, especially in the light of recent developments in
tractography for complex fiber configurations. Hence, interactive visualization tech-
niques to explore and better understand tractography data are required.

First attempts for selecting fiber tracts comprise filtering [7] and regions of in-
terest (ROIs) [8]. However, since these approaches do not provide any direct user
control, interactive fiber selection techniques have been proposed [9, 10, 11] which
make it possible to interactively create and modify ROIs and associated proper-
ties. However, these interactive approaches do not specifically address complex
fiber configurations which are of increasing interest in advanced fiber tracking ap-
proaches.

In this paper, we propose a new interaction technique to support exploration and
interpretation of white matter pathways, particularly in regions with complex fiber
configurations. Our application makes it possible to interactively manipulate manu-
ally segmented, box- or ellipsoid-shaped ROIs to selectively display pathways that
pass through specific anatomical areas. To further support flexible ROI design, each
ROI can be assigned a Boolean logic operator. Our key contribution is a new interac-
tion technique which allows specifying a fiber direction to assist in the exploration
and identification of fiber tracts from dMRI tractography. This technique is particu-
larly relevant for kissing, crossing or fanning regions, as it allows the neuroscientist
to filter fibers according to their direction within the ROI in order to resolve complex
fiber configurations.
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2 Related Work

Tractography algorithms are commonly used to reconstruct fibers from dMRI data
for further visualization. However, due to the vast amount of generated fibers, selec-
tion techniques are required in order to make this information accessible.

To further process dMRI tractography results, Zhang et al. [7] proposed to fil-
ter reconstructed fibers based on length, average linear anisotropy, and distance
separating neighboring fibers. In Conturo et al. [8], ROIs are introduced to select
fiber bundles that connect anatomically or functionally predefined regions. A com-
bination of ROIs with Boolean AND, OR, and NOT operations to isolate particular
fiber tracts is proposed in Wakana et al. [12]. Although these groups anticipated the
potential value of selection techniques for dMRI tractography, the aforementioned
approaches do not comprise any interactive filtering technique.

Interactive fiber selection by placing and interactively manipulating box- or
ellipsoid-shaped regions to selectively display pathways was initially proposed
in [9, 10]. Apart from specifying ROIs, their user interface makes it possible to
assign a Boolean operator to a ROI as well as to further specify pathway properties
such as length or average fractional anisotropy. In Blaas et al. [11], a similar tech-
nique is presented which is computationally more efficient due to dedicated data
structures for speed-up. The box- or ellipsoid-shaped ROIs are overcome in Akers
et al. [13], where arbitrarily shaped ROIs are generated using a special bimanual in-
terface for 3D pathway selection which employs a pen and a trackball. In merhof10,
a segmentation user interface is provided in order to generate user-defined ROIs,
and the ROI behaviour can be further specified using Boolean operators. The ap-
proach proposed in Cai et al. [14] extends the previously presented box- and sphere-
shaped ROI selectors by a multi-view interface to enable comparative visualizations.
In [15], a 2D embedding of the fiber tracts is displayed along with the 3D view, with
the aim of removing visual clutter which can be helpful when selecting fiber tracts.

New interaction mechanisms were explored in [16], where a framework for real-
time selection of neuronal fiber bundles using a Wii remote control (a wireless con-
troller for Nintendo’s gaming console) is employed. In order to achieve a smooth
interaction, a novel space partitioning data structure is proposed, which allows for
queries that are much faster than previous state-of-the-art approaches.

An automated approach for fiber tract selection is presented in [17]. Given a ROI,
the approach locates the point on the fiber that is closest to the centroid of the ROI
and the fiber direction at this point and performs a k-means fiber clustering based on
these parameters. In this way, a delineation of major tract systems can be achieved
without user interaction (e.g. by using ROIs from an atlas).

A broad overview addressing some of these approaches but also covering related
fields such as streamline clustering, edge detection and segmentation, topological
methods, and extraction of anisotropy creases is provided in [18].

However, none of these approaches is specifically dedicated towards complex
fiber configurations such as kissing, crossing or fanning fibers, which may emerge
when using state-of-the-art fiber tracking algorithms.
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3 Data acquisition and preprocessing

3.1 Data acquisition

dMRI and anatomical MRI data was acquired on a 3T MRI scanner Tim Trio
(Siemens, Erlangen, Germany). For anatomical reference, T1-weighted 3D images
were acquired (3D magnetization-prepared rapid gradient echo; repetition time,
1900 milliseconds; echo time, 2.26 milliseconds; field of view, 256 mm; matrix,
256×256; slice thickness, 1 mm; 176 slices, sagittal).

dMRI data was acquired using a single shot echo-planar imaging sequence with
30 noncollinear diffusion-encoding gradients (repetition time, 7800 milliseconds;
echo time, 90 milliseconds; field of view, 256 mm; matrix, 128×128; slice thick-
ness, 2 mm; numbers of excitations, 1; b = 1000 s/mm2; voxel size 2×2×2 mm3).

Acquisition of all data sets took about 15 minutes per subject.

3.2 Precomputing pathways

For fiber tractography, a selection of different methods is available in our toolbox,
which comprise both standard tractography algorithms for diffusion tensor imaging
(DTI) data as well as more advanced techniques for HARDI data. The following
methods can be selected:
STT: Streamline tracking (STT) [19, 8, 20] is a common method for fiber tracking
based on DTI data. This method follows the principal diffusion direction through-
out the volume, where the integration is typically performed numerically with
Runge-Kutta schemes of order 1 to 4. A user-defined threshold based on fractional
anisotropy (FA) [21] is applied to stop fiber propagation if the direction of dominant
diffusion is not well defined.
TEND: Tensor deflection (TEND) [22, 23, 24] takes advantage of the whole diffu-
sion tensor and computes the new fiber direction as a product of the local diffusion
tensor and the incoming fiber direction. Similarly to STT, a termination threshold
based on FA is used in order to stop propagation if the fiber leaves regions with
anisotropic diffusion.
Maximum tracking: For fiber reconstruction based on HARDI data, a determin-
istic multidirectional tracking proposed by Descoteaux et al. [25] is used, with the
generalized fractional anisotropy (GFA) index [26] as the anisotropy measure to
terminate fiber propagation. This tractography approach is able to describe cross-
ing and splitting fiber bundles based on the fiber orientation distribution function
(ODF). It extends the classical STT approach by taking into account multiple ODF
maxima in every integration step.
GFT: A global fiber tracking (GFT) approach with acceptable computing times for
a broad class of practical applications was proposed [2]. The approach generates
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optimally distributed fibers along the white matter structures and is able to model
noise in diffusion data through global optimization with particle simulation.

The first three methods are local approaches which have several steps such as
seed point selection, fiber propagation and fiber termination in common. Starting
from predefined seed points, fibers are propagated until a termination criterion (FA
or GFA) is reached. Other commonly applied criteria for streamline termination are
a predefined maximum length in order to assure termination of the algorithm after
a finite number of steps, or a maximum bending angle [20] which assumes that
anatomical fibers do not take sharp turns.

In order to interactively select fiber bundles for exploring fiber tracts, a tracking
of the entire white matter region of the brain needs to be generated in the first place.
For this purpose, the first three tractography approaches (STT, TEND and maximum
tracking) require seed points to initialize fiber tracking. Accordingly, seed points
are generated for all voxels above a user-defined FA or GFA threshold similarly to
Conturo et al. [8].

To summarize, in our tool the neuroscientist can make different selections to con-
trol the outcome of the initial tractography result: choice of different tracking algo-
rithms, FA/GFA-based threshold for seed point generation, FA/GFA-based threshold

Fig. 2 (a) Fiber tractography result of the whole brain showing a view across the corpus callosum.
(b) Positioning of ROI (wireframe representation) with the aim to segment the cingulum (green
tract). (c) Voxel representation of ROI to clearly see where ROI intersects the fibers. (d) Fiber
selection based on ROI (directional filtering deactivated) yields imperfect result containing fibers
of both the cingulum and the corpus callosum. Activation of directional filtering allows to either
extract the corpus callosum (e) or the cingulum (f).
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for fiber termination, maximum bending angle, threshold for minimum and maxi-
mum fiber length.

4 Method

In order to extract individual fiber tracts, the neuroscientist needs to define ROIs that
are employed in the fiber selection process. In the following sections, all features of
the proposed ROI tool are outlined in detail, which comprise functionality to define
the ROI (Section 4.1), to assign a Boolean operator to the ROI (Section 4.2) and
functionality to control and filter the direction of fibers within a ROI (Section 4.3).
Implementation details are provided in Section 4.4.

4.1 Definition of ROI

User-defined ROIs based on manual segmentation – For manually segmented
ROIs, a voxel-based segmentation tool is used which makes it possible to create
ROIs of arbitrary shape and extent. For this purpose, the dMRI dataset that is mea-
sured without diffusion gradient is loaded into the segmentation ROI tool and used
as anatomical reference. The user-defined ROI based on manual segmentation is
drawn manually on axial, sagittal or coronal slices based on anatomical knowledge
and is finally imported into the fiber tracking tool for further processing. In this way,
it is possible to define non-trivial ROI shapes, e.g. in the vicinity of a tumor.
Box-shaped ROIs – Box-shaped ROIs can be either created by using a control
widget where the user can manually specify the position according to the axial,
sagittal and coronal slice number and the desired size of the box, or by dragging the
cursor directly within the dataset displayed in the 3D viewer to the desired position.
After creating such a ROI, it is possible to adjust the size of the ROI interactively
by dragging the edges of the ROI (see Section 4.4 for details). This provides the
possibility to edit the ROI directly and interactively within the 3D viewer according
to the user’s needs.
Sphere-shaped ROIs – Analogously to box-shaped ROIs, sphere-shaped ROIs
can be created in the two same ways, i.e. by defining the ROI position and size
within a control widget or by dragging the cursor to the desired ROI position within
the 3D viewer. The size of a sphere-shaped ROI is defined by its radius, which can
also be adjusted interactively by dragging the displayed transformer nodes besides
the sphere (see Section 4.4 for details).

Furthermore, each ROI can be visualized in two different ways: wire frame view
and voxel view, as illustrated in Figure 3. The wire frame view allows to better
position the ROI in space but is less suitable to determine whether individual fibers
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Fig. 3 Sphere-shaped ROI and Open Inventor manipulators. The ROI can either be displayed as
wireframe (left) or as voxels (right).

are crossing the ROI or not, whereas the voxel view allows to exactly estimate all
fibers which are crossing the ROI.

4.2 Assigning Boolean operators to ROIs

Boolean logic has many applications and is generally used in order to define condi-
tions on sets to retrieve specific elements. Combining ROIs with Boolean operations
to isolate particular fiber tracts was first proposed by Wakana et al. [12] and proved
to be of great value in several interactive ROI selection tools [9, 10, 14]. In our tool,
the three basic Boolean operators are implemented, which comprise logical OR and
logical AND to perform the union and intersection of sets of fibers, and logical NOT
to exclude fibers.

More specifically, a ROI with associated Boolean operator AND requires any
fibers to cross this ROI, i.e. multiple AND ROIs result in a fiber bundle that traverses
all AND ROIs. A ROI with assigned Boolean operator OR requires all fibers to
traverse either this ROI or any other OR ROI. In order to exclude fibers from the
extracted fiber tract, a NOT ROI may be defined which deletes any fibers that cross
the ROI. Effectively, the functionality of the NOT ROI is identical to the sculpture-
based removal proposed in Cai et al. [14], where a box or sphere-shaped sculpture
widget is used to sculpt away undesirable fibers.

As already demonstrated [12, 9, 10, 14], more flexibility for tract selection can be
achieved by combining ROIs with different associated Boolean operators. For this
reason, this approach has also been integrated into our tool for ROI based selection
of fiber tracts.
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4.3 Assigning directions to ROIs

In addition to the assignment of Boolean operators to ROIs, we further propose to
assign directions to ROIs. This allows to only extract fibers with a given direction
within the ROI. Especially when exploring regions with kissing, crossing or fan-
ning fibers, this gives the user the possibility to extract only those fibers which are
relevant and important for a given purpose.

For this purpose, each ROI has two direction manipulators that can be separately
activated and deactivated, respectively. These manipulators allow to visually adjust
two different user-defined directions. For each fiber, the average direction of all
fiber segments within the ROI is used to compare it to the desired user-defined
direction given by the directional manipulators. Furthermore, the user can define
a parameter to control the allowed deviation between the user-defined and actual
average direction of the fiber.

The implementation of the box- and sphere-shaped ROIs with direction selection
is performed in Open Inventor Version 2.1.5-10-16 and is described in detail in
Section 4.4.

4.4 Implementation

In this section, the implementation of the ROIs and the directional filtering of the
fibers is described. The box- and sphere-shaped ROIs are constructed with an Open
Inventor scene graph which is outlined in detail in Section 4.4.1. The implementa-
tion of the filtering of fibers according to a user-defined direction is explained in
Section 4.4.2. Details about an efficient implementation of real-time filtering are
provided in Section 4.4.3.

4.4.1 Open Inventor scene graph

Open Inventor provides a large library of objects, including geometric primitives
and interactive manipulators, which can be modified and extended according to own
requirements [27]. All objects are represented as nodes and can be connected with
each other. The resulting graph is called Open Inventor scene graph.

In Figure 4 (left), the basic scene graph for a sphere-shaped ROI is displayed.
The node SoSphere represents the sphere. To adjust the size of the sphere interac-
tively, the manipulator SoTransformBoxDragger is added to the scene graph. The
transformation node SoTransform applies the scaling caused by the manipulator to
the sphere.

In addition to the manipulator for adjusting the size, each ROI provides two ar-
rows to assign a direction to the ROI, which can be activated and deactivated via the
user interface and appear or disappear in the 3D view accordingly. For this purpose,
the basic scene graph is extended with an arrow represented as a long cylinder. The
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Fig. 4 Left: Open Inventor scene graph for sphere-shaped ROI. Right: Open Inventor scene graph
to define a ROI direction.

manipulation node SoTrackballManip enables to rotate the cylinder in each direc-
tion to define a direction associated to the ROI. Figure 4 (right) shows this extension
of the basic scene graph.

The resulting sphere-shaped ROI is shown in Figure 3. The radius of the ROI
can be adjusted by dragging one of the manipulator nodes besides the sphere. Fur-
thermore, the user can also activate and adjust up to two directional manipulators
(yellow and red arrow), which have their own trackball for manipulation. A ROI can
be displayed in two different ways: Figure 3 (a) shows the wireframe representation
of a sphere-shaped ROI, whereas in Figure 3 (b) the ROI voxels are displayed.

Box-shaped ROIs are implemented analogously to sphere-shaped ROIs. In case
of box-shaped ROIs, width and length can be adjusted with the Open Inventor ma-
nipulator (rather than the radius as in sphere-shaped ROIs).

4.4.2 Implementation of directional filtering

After creating or adjusting a ROI, all fibers are filtered automatically according to
the position and size of the ROI and its assigned Boolean operator. If the directional
filtering option is also activated, the given directions are taken into account as well
to extract fibers with a desired direction.

For this purpose, a callback method is invoked directly after adjusting the ROI.
This callback method updates the ROI voxels automatically and calls a function to
filter the fibers with the given ROIs and fiber directions.

When filtering the fibers with a direction, this callback method calculates for
each fiber the average direction of all fiber segments within the ROI, and compares
this average direction with the user-defined direction given by the manipulator. All
fibers with a direction close to the desired direction (the user can define a maximum
deviation from the initially defined direction) are extracted and visualized.
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Figure number of fibers to filter time

2 d 4,050 0.07 sec
2 e 4,050 0.22 sec
2 f 4,050 0.20 sec
3 a 10,687 0.05 sec
3 b 10,687 0.05 sec
3 c 10,687 0.05 sec
3 d 10,687 0.70 sec
4 b 10,017 0.04 sec
4 c 10,017 0.05 sec
4 d 10,017 0.80 sec

Table 1 Timings in seconds for filtering fibers of the whole brain in the use-case scenarios pre-
sented in Figure 2, 5 and 6.

4.4.3 Real-time fiber selection

For efficiency reasons, the process of filtering fibers is accelerated by an octree
implementation, similarly to Blaas et al. [11]. For this purpose, each ROI is encom-
passed by a cube which is subdivided into eight child cubes of equal size. This sub-
division is recursively applied to each child cube until the smallest cube comprises a
pre-defined amount of voxels (256 voxels in our case). Each leaf cube contains a list
of those voxels within the boundaries of the leaf cube that are marked by the ROI.
With this method, each point of a fiber can be efficiently checked for containment in
the ROI by recursively searching through the octree based on the coordinate of the
fiber point.

5 Results and Discussion

For benchmarking, a PC equipped with an Intel Core i7 8×3.4 GHz processor,
32 GB RAM and an NVidia Geforce GTX 660 Ti graphics card with 2 GB graphics
memory was used. The fiber tracking results within the whole brain consisted of
approximately 10,000 fibers comprising about 2,000,000 fiber segments in total.

Table 1 gives a detailed overview of the performance results of the presented fiber
selection tool. For each of the use-case scenarios presented in Figure 2, 5 and 6,
the number of fibers of the whole-brain tracking is provided as well as the timings
for extracting individual white matter tracts based on the ROIs displayed in the
respective subfigures.

In order to illustrate the functionality of our tool, different use-case scenarios are
shown in Figure 2, 5 and 6, which are discussed in the following:
Scenario 1: The cingulum is a thin, arching fiber bundle that forms the white matter
core of the cingulate gyrus, following it from the subcallosal gyrus of the frontal
lobe beneath the rostrum of corpus callosum, to the parahippocampal gyrus and
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Fig. 5 (a) Corona radiata of the left hemisphere after tractography with a box ROI located in the
brainstem. (b) Positioning of ROI in region that refers to the motor pathway. (c) Without directional
filtering, the motor pathway is displayed with some remaining lateral fibers (green). (d) Directional
filtering provides optimal result for the motor pathway, without any confounding fibers as in (c).

uncus of the temporal lobe. As one of the connecting parts of the limbic system,
its anterior part is linked to emotion, whereas the posterior section is involved in
cognitive functions. In Figure 2, a fiber tractography result of the whole brain is
provided that shows a view across the corpus callosum (red) with the cingulum in
green (a). In (b,c), a ROI is positioned that fully encompasses the cingulum with the
aim to segment this fiber tract. In this scenario, fiber selection of the cingulum based
on standard ROI tools would be challenging and would require multiple ROIs in
order to reliably extract this structure. This can be seen in (d), where fiber selection
based on a standard ROI without any directional filtering yields an imperfect result
containing fibers of both the cingulum and the corpus callosum. However, after
activating the directional filtering, either the corpus callosum (e) or the cingulum
(f) can be easily extracted.
Scenario 2: The corona radiata comprises both descending and ascending neuronal
fibers that carry almost all of the neural traffic from and to the cerebral cortex. The
corona radiata can be depicted by positioning a ROI in the brainstem as shown in
Figure 5a. In order to select the fraction of fibers of the corona radiata which refers
to the motor tract, another ROI is positioned in that respective region (b). In this
scenario, fiber selection based on standard ROI tools would provide an imperfect
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Fig. 6 Brain tumor patient (tumor delineated in red). (a) Tractography result of the whole brain. (b)
Corona radiata of the right hemisphere after tractography with a box ROI located in the brainstem,
with projection fibers passing nearby the tumor. (c) Filtering with ROI in region that refers to the
motor pathway. Without directional filtering, the motor pathway is displayed with some remain-
ing lateral fibers (green). (d) Directional filtering provides optimal result for the motor pathway,
withouth any confounding fibers as in (c).

filtering for the motor pathway with remaining lateral fibers (green), as illustrated
in (c). However, with the directional filtering tool proposed in this work, an optimal
result can be achieved as shown in (d) without any confounding fibers.
Scenario 3: Fiber tractography results are of interest for different neuro applica-
tions, which also comprises planning for brain tumor surgery as illustrated in Fig-
ure 6. In order to provide an anatomical reference, the anatomical MRI dataset is
rendered together with the fibers. The tumor which has been segmented by a med-
ical expert is delineated in red. In order to interactively explore the fibers in the
vicinity of the tumor, ROI-based tools are of great interest. Starting with a tractog-
raphy result of the whole brain (a), the corona radiata of the right hemisphere can
be displayed by filtering with a box ROI located in the brainstem (b). Note the pro-
jection fibers passing nearby the tumor. Filtering with a spherical ROI in the region
that refers to the motor pathway provides an imperfect result with remaining lat-
eral fibers (green) if directional filtering is deactivated (c), and an optimal result if
directional filtering is used (d).

According to the experience of the neuroscientists who have explored our tool,
the wireframe representation is preferable in order to position a ROI, as this rather
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transparent representation of the ROI provides better spatial orientation and more
accurate positioning with respect to a target white matter structure. The voxel view
on the other hand was preferred in order to exactly see and cross-check which fibers
are actually intersected by the ROI.

As regards the directional manipulators, either one manipulator (possibly with
a greater directional tolerance) or two manipulators were used. In general, two di-
rectional manipulators provide more flexibility, e.g. for crossing fibers or in case
of fiber branchings, and were preferably used in regions with more diverging fibers
such as in Figure 1 (left).

Considering practical application in neurosciences, a flexible and interactive tool
for white matter fiber bundle selection is an important prerequisite to explore and
interact with the tractography data. However, in order to explore and view fibers
within their anatomical context, a multimodal visualization combining function and
surrounding anatomy is required as shown in Figure 6. By investigating such a mul-
timodal representation, the neuroscientist is able to e.g. verify whether important
tract systems are located in the vicinity of the tumor. Our software application in-
cluding the newly developed tool for directional ROIs provides interaction and vi-
sualizations of high quality and at interactive frame rates.

In comparison to previously presented techniques that do not aim at interactive
manipulation [7, 8, 12] or that are intended to operate fully automatically [17], in-
teractive adjustment of ROIs offers high flexibility and makes it possible to extract
fiber bundles with a complex architecture. This can be essential in many medical
applications related to neurosciences or neurosurgery, e.g. for selection of displaced
fiber bundles in the presence of a brain tumor, or in case of crossing fiber bundles
in the area of the centrum semiovale. For this reason, previous research focused on
interactive ROI-based techniques [9, 10, 11, 13, 28, 14]. In addition to dedicated
data structures that enable interactive processing times, these approaches share the
idea of supporting user control by means of automated ROI placement, flexible ROI
design and Boolean operators assigned to ROIs. The directional ROIs proposed in
this paper add an additional degree of freedom by providing a means of filtering
fibers within the ROI according to a user-defined fiber direction. The presented ap-
proach could potentially also combined with advanced user interfaces, such as the
framework presented in [16].

6 Conclusion

In light of recent advances in diffusion imaging and tractography to better capture
the complex architecture of white matter fiber tracts, appropriate tools for selecting
fiber structures are required likewise, as proposed in this work. For this purpose, we
have presented an interface to interactively explore dMRI fiber tractography results.
As opposed to previous applications, our interface allows to interactively manipulate
ROIs to selectively display pathways with dragging operations directly in the 3D
viewer. Our key contribution, a new interaction technique which allows to specify a
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fiber direction to assist the exploration and identification of fiber tracts, proved to be
of great value in case of complex fiber configuration. By assigning a fiber direction
to a ROI, it becomes possible to resolve kissing, crossing or fanning regions as
illustrated by several real-world examples. Overall, the presented tool overcomes
the limitations of current tract selection tools and offers ultimate flexibility in tract
selection.
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