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Abstract

Functional brain connectivity from fMRI studies has become an important tool in studying functional interactions
in the human brain as a complex network. Most recently, research has started focusing on whole brain functional
networks at the voxel-level, where fMRI time-signals at each voxel are correlated with every other voxel in the
brain to determine their functional connectivity. For a typical 4mm isotropic voxel resolution, this results in con-
nectivity networks with more than twenty thousand nodes and over 400 million links. These cannot be effectively
visualized or interactively explored using node-link representations, and due to their size are challenging to show
as correlation matrix bitmaps. In this paper, we present a number of methods for the visualization and interactive
visual analysis of this new high resolution brain network data, both in its matrix representation as well as in its
anatomical context. We have implemented these methods in a GPU raycasting framework that enables real-time
interaction, such as network probing and volume deformation, as well as real-time filtering. The techniques are
integrated in a visual analysis application in which the different views are coupled, supporting linked interaction.
Furthermore, we allow visual comparison of different brain networks with side-by-side and difference visualiza-
tion. We have evaluated our approach via case studies with domain scientists at two different university medical

centers.

Categories and Subject Descriptors (according to ACM CCS):

1.3.3 [Computer Graphics]: Picture/Image

Generation—functional brain connectivity, brain mapping, raycasting, GPU volume rendering

1. Introduction

With functional MRI (fMRI) connectivity, the functional
connections between different parts of the brain can be mea-
sured non-invasively, in vivo and in 3D, down to the voxel
level. This can be done during the performance of a task, in
order to determine the brain networks involved in complet-
ing the task, or during resting state, in order to shed light on
the intrinsic connectivity networks of the brain.

Functional brain connectivity has already proven to be a
valuable tool for research in areas related to cognitive psy-
chology, neuroscience and behavioral studies. Traditional
approaches in fMRI connectivity research used a seed-based
approach, where only the brain regions connected to a se-
lected seed region are derived, or independent component
analysis to describe the functional connectivity networks.
Recently, researchers have begun to focus on whole-brain
networks, applying concepts from graph theory that enable
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more complete studies of brain networks than the afore-
mentioned traditional methods. The first studies focused on
inter-regional connectivity, where the properties of the brain
network were explored by measuring the connectivity be-
tween all anatomical brain regions, such as the 90 cortical
and sub-cortical regions of the AAL template [BYHHO9S5].
The resulting networks can be visualized effectively with
matrix bitmaps or node-link diagrams [DVF*10]. More re-
cently, research has also started to focus on functional brain
connectivity at the voxel level [vdHSBHPOS]. The result-
ing connectivity networks are several orders of magnitude
larger than the region-based connectivity networks. In a typ-
ical 4mm isotropic resolution, the raw BOLD-fMRI image
contains about 20,000 voxels, and the resulting network thus
consists of 20,000 nodes and 400,000,000 links (includ-
ing symmetrical links). The interactive visualization of such
large connectivity networks using traditional matrix visual-
izations is computationally challenging, and using node-link
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diagrams to represent the network is not really feasible. We
present methods for visualizing large brain networks both as
a highly interactive matrix representation as well as in their
anatomical context. The implementation uses a raycasting
framework that enables interactive exploration of the data.
One of the unique aspects of our technique is the side-by-
side coupled visualization of two of these voxel-based brain
networks, enabling their direct visual comparison. Further-
more, we employ a flat-map representation for showing the
connectivity data in spatial context with minimal occlusion,
as well as real-time correlation volume splitting to enable vi-
sualization of and interaction also with interior volumes of
the brain between the two lobes.

The contributions of this paper are: 1.) We present a tech-
nique with which large voxel-based fMRI connectivity ma-
trices of around twenty-thousand by twenty-thousand corre-
lations can be interactively visualized on a desktop PC, both
directly and in their anatomical context. 2.) We introduce
a method that allows for the interactive visual comparison
of multiple of these large connectivity matrices in a side-
by-side or difference visualization, which, to the best of our
knowledge, has not been shown before. 3.) We evaluate our
approach by performing a case study with two independent
groups of domain scientists. 4.) Our complete implementa-
tion is available under a permissive open source license.

visualization is the design of a technique that is able to
render at interactive speeds, enabling the user to interact
with the data in real-time. To accomplish this, we utilize the
GPU architecture and the increasingly greater amounts of
texture memory available on recent graphics cards. The rest
of this paper is organized as follows: Section 2 presents re-
lated work done on this topic. Section 3 presents the method
starting with a general overview. Section 4 discusses some
implementation details and technical challenges that were
addressed. In Section 5, we evaluate our method, including
feedback from expert users, structured according to a case
study evaluation. Section 6 completes this paper with con-
clusions and future work.

2. Related work

The visualization of region-wise functional connectivity net-
works is most commonly done with pixmaps that directly
represent the correlation matrix, or using node-link dia-
grams. The pixmap is a pixel-based representation that ad-
heres to the layout of the raw correlation matrix, directly
mapping each correlation value to a color using a pre-
defined color scale. For an N X N connectivity matrix, this
results in a N X N bitmap image. For effective visualiza-
tion, the pixmap should be reordered such that similar items
are grouped [MEO3]. For functional connectivity brain net-
works, the ordering is typically derived from anatomical lo-
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cation, such as grouping voxels together if they are in the
same anatomical region or brain lobe [DVF*10, HCG*08]
or from hierarchical clustering (in which the leaves of the
dendrogram are used for the ordering), such that the pixmap
groups highly connected hubs together [HWG™*11].

To see the functional network in its spatial context,
the correlation matrix is typically represented as a node-
link diagram, inter-connecting the N nodes with a straight
line, whose thickness or color is based on the connectiv-
ity strength. The visual analysis of region-wise whole-brain
functional connectivity networks has been studied before by
Van Dixhoorn et al. [DVF*10], where the problem of visual
clutter that arises when rendering node-link networks with
twenty or more nodes [GFCOS] was addressed by allow-
ing the user to interactively filter on the connection strength.
The node-link representation has also been used to visualize
voxel-wise connectivity by Zuo et al. [ZEM*11], but here
the links are drawn between twenty functional communities
instead of between each voxel pair. Furthermore, the visual-
ization procedures were carried out on a graphics worksta-
tion, rather than on a standard desktop computer.

Instead of the node-link representation, we employ a
method typically used to visualize brain activation data from
fMRI studies. An approach for this was described by Jainek
et al. [JBB*08], where illustrative techniques are used to vi-
sualize functional data in anatomical context. To represent
the activation data, the metaphor is used of activated regions
emitting light. However, instead of a single activation map,
our data consists of a large number of networks, one for each
voxel in the underlying fMRI images. Rendering all these
networks at once in would result in an ambiguous visualiza-
tion. Instead, our method includes an interaction component
in which the user indicates in which network he is interested
by interactively selecting a seed voxel. Our method certainly
shows parallels with the work recently published by Eklund
etal. [EFAK11] and Bottger et al. [BMH* 11], as well as with
the interactive tool InstaCorr for the visualization of func-
tional connectivity in AFNI [RW11]. The method of Bottger
et al. allows the user to place a cross-hair on the desired seed
voxel on orthogonal 2D slices of an anatomical scan, render-
ing the resulting correlation map on top as an overlay. The
tools presented by Eklund et al. and InstaCorr provide sim-
ilar functionality, but in addition they are able to visualize
the correlation maps in their 3-D spatial layout. Our work
is similar to those methods, but differs with respect the fol-
lowing points: 1.) The correlation matrix is computed in a
pre-processing step such that we can provide a pixmap vi-
sualization that allows for detection of groups of voxels that
are correlated. 2.) We provide a picking tool that allows the
user to interactively and dynamically select a seed voxel on
the cortical surface, directly in the 3-D representation. 3.)
Our tool allows for interactive side-by-side comparison and
difference visualization of multiple datasets.
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3. Method

The tool is called BrainCove. Its main interface is shown in
Fig. 1. It contains one or more child windows, each of which
consists of three main components: the correlation matrix at
the top left, the orthogonal slice views at the top right and
the anatomical visualization spanning the full width at the
bottom. In this case, two datasets have been loaded and can
be compared by use of linked interaction.

The input to our application is a pre-processed correla-
tion matrix in raw binary format, combined with a list of
coordinates in the well-known standardized MNI space that
correspond to the elements in the correlation matrix.

3.1. Data pre-processing

Our pre-processing follows Ferrarini et al. [FVvL*11] and
includes motion-correction, removal of non-brain tissue,
grand mean intensity normalization, registration to MNI-152
standard space and downsampling to 4mm isotropic resolu-
tion.

After pre-processing, the correlation matrix is calculated.
First, white matter (WM) and cerebrospinal fluid (CSF)
time series and the average whole-brain signal are extracted
from the fMRI data sets. The data is then masked with
the Automated Anatomical Labeling (AAL, [TLP*02]) at-
las and using regression analysis the influence of artifacts
is reduced [FVVL*11]. The final correlation matrix is com-
puted by calculating Pearson’s correlation coefficient be-
tween each pair of neural activation timeseries. This raw cor-
relation map and a list of MNI coordinates corresponding to
the rows and columns of the matrix are the input to our ap-
plication.

3.2. Pixmap view

The pixmap representation is a direct visualization of the
correlation matrix, where the correlation values are mapped
to colors using a continuous colorscale. The elements on the
rows and columns are reordered so that anatomically close
voxels are grouped. This reordering is computed by looking
up the AAL atlas region for each voxel, and then grouping
according to the atlas region indices. In a second pass, voxels
are further grouped by hemisphere.

Directly mapping each correlation in the matrix to a col-
ored pixel results in a bitmap of 400 megapixels. If each
color is to be represented with three 8-bit channels, the com-
plete bitmap would require 1.2 gigabytes of storage on top of
the 800 megabytes that is required to store the raw correla-
tion matrix. In order to display such an image on the screen
at interactive frame rates, we employ GPU raycasting.

A plane is used as a proxy object to convert from screen
coordinates to indices in the correlation matrix. Since there
are only values on the plane, the raycasting algorithm is rela-
tively simple, as no ray-marching is required. The algorithm
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Figure 2: Brushing the matrix representation highlights the
selected voxels in the anatomical view, where it can be seen
Jfrom any view. The brushed selection appears twice because
of the symmetry in the matrix. Voxels along the horizontal
axis of the matrix are shown in yellow, voxels on the vertical
axes in red.

is implemented in OpenCL, with the entire correlation ma-
trix uploaded to a GPU buffer as a float array. For each view
ray, the correlation value is extracted and mapped it its final
pixel color.

3.2.1. Interaction and Filtering

Zooming and panning of the correlation matrix are highly
efficient, as this is built-in in the transformation pipeline. In
addition, applying a filter is nothing more than an extra state-
ment in the raycasting algorithm, which means that filter-
ing can be done on-the-fly. The tool currently only supports
thresholding on absolute correlation as a filter, but other fil-
ters can be implemented easily.

To improve the integration of functional connectivity and
spatial location, we linked the pixmap representation to a 3-
D anatomical visualization. By hovering with the cursor over
the pixmap, the 3-D visualization highlights in real-time the
voxels corresponding to indicated connection. Furthermore,
we implemented a brushing technique that allows the user
to select a group of links using the mouse. The correspond-
ing voxels are then highlighted in the anatomical view (see
Fig. 2).

3.3. Anatomical view

In the anatomical view, the connectivity network is rendered
in its spatial context. Due to the size and connectedness
of the network, the node-link representation would not be
suitable. Instead, we visualize in real-time the connection
strengths of the whole brain to the voxel or region currently
indicated. Correlations are mapped to a perceptually linear
blue-to-yellow colorscale, with bright blue and bright yel-
low representing strong negative and strong positive correla-
tions respectively. The correlation can also be interactively
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Figure 1: An overview of the application window with two datasets. Each dataset is opened in its own child window. Each child
window contains of three views: the pixmap view on the top-left, the slice views on the top right and the anatomical view on the

bottom.

Figure 3: A seed voxel on the cortical surface can be se-
lected by hovering with the mouse over de desired position.

thresholded, in which case only correlations higher than the
threshold are colormapped. An example of this visualization
is shown in Fig. 3.

This is also implemented using a GPU-based raycasting
approach. Each frame is rendered using two stages. In the
first stage, a correlation volume is computed in which each
voxel contains its correlation with the currently selected seed
voxel. This correlation volume is then rendered by the ray-
caster, together with a high resolution anatomical volume
that provides context. Both volumes are stored in GPU tex-
ture memory and sent to the OpenCL raycasting kernel.
Along with each volume, a transformation matrix is sent to
the kernel that defines for each volume the mapping from
world position to voxel position.

For each position P in the index volume:
Get index stored \Write correlation
" atP at position P
g_ Index volume TN -
= @ Raw correlation Correlation
F matrix volume
Seed voxel
index
For each position P along the ray:
2 Correlation
(4}
g ey Colormap
T - Front-to-back
S Position P compositing
& Anatomical
Transform Colormay
to voxel space volume P

Final color

i

Figure 4: The pipeline for the two-pass raycasting of the
correlation volume.

At each sample position along each view ray, the correla-
tion volume is sampled. If the correlation value at the current
sample position is below the threshold, or the sample posi-
tion is out of the correlation volume bounds, the raycaster
samples the anatomical volume instead. The value is then
mapped to a color for the current voxel using two different
transfer functions, one for the correlation volume and one
for the anatomical volume. The resulting color values along
the ray are then composited to form the final pixel color. The
complete process is represented in Fig. 4.
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3.3.1. Interaction

The 3-D window with the volume rendered correlation map
allows for interactive rotation, zoom and pan, allowing the
user to see the correlation from every angle.

Besides hovering over a single cortical voxel, the size of
the seed region can also be increased, such that a group of
voxels is used. In addition, it is also possible to use the AAL
region to which the selected voxel belongs as a seed region.
Using the ray casting selection, it is not possible to select
voxels behind the outer cortical layer of the brain. To over-
come this limitation, two alternative selection methods have
been implemented.

Brain cleaving To be able to select structures that are lo-
cated in-between the two hemispheres, such as the thalamus
or the hippocampus, we employed a volume deformation
method with which the user is able to spread the two brain
hemispheres apart, similar to the Hinge Spreader proposed
by McGuffin et al. [MTBO03]. Once the two brain halves are
spread apart, the user can use the mouse to select a voxel on
the inner side of each hemisphere, in the same way as se-
lecting a voxel on the cortical surface. The deformation is
implemented in the raycasting algorithm using ray deforma-
tion, and uses a saggital plane, passing through a point P that
is located between the two hemispheres. This plane can be
freely adjusted as well.

While stepping through the volume the algorithm deter-
mines for every sample point Q whether the point is to the
left or to the right of the saggital plane, using its plane nor-
mal N. Once the point Q has been classified as either left or
right from the split plane, its transformed position is found
by multiplying the voxel position with the corresponding ro-
tation matrix for left or right rotation.

Q’—{ ApxQ  if (Q—P)-N<0 W
Ar*Q if (Q—P)-N>0

where A; and Ag are the rotation matrices for the left and
right hemispheres respectively. See Fig. 5 for a schematic
representation of this method. When implementing this
method in a raycasting algorithm, the process is actually
reversed: the sample points visited by the raycaster should
be considered to be already in deformed space. The sample
value for that position can then be found by projecting the
sample position back to non-deformed space using the in-
verse transformation. A special case occurs when the sample
position is in the region between the two rotated hemispheres
(the hatched region in Fig. 5). During the ray traversal, posi-
tions in this region are skipped.

Slice view To allow also for the easy selection of seed vox-
els at arbitrary positions in the brain, a view window is avail-
able that contains three orthogonal slice views. Using the
mouse, a seed point can be selected on any of the three slices.
The current voxel selection is linked between the slice views,
the anatomical view and the pixmap view.
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Figure 5: A schematic representation of the brain split
method (left) and the resulting visualization (right). The
hatched region in the left drawing indicates the region in
which the raycaster can skip the voxels.

Figure 6: The Lambert’s Cylindrical flatmap representation
of the brain, viewing from the anterior in the middle to pos-
terior at the two sides.

3.4. Flat mapping

The anatomical view described in the previous section shows
the correlation map in its correct spatial context, but suffers
from the occlusion problem inherent to any 3-D visualiza-
tion. To address this problem, our tool can also show a flat
map of the cerebral cortex.

We have implemented two cylindrical projections to
flat map the cortex: Lambert’s Cylindrical Equal-Area and
Braun’s Stereographic Cylindrical projection. Lambert’s
projection causes severe distortion in the poles, but has the
advantage that the shape of the brain can be easily recog-
nized. Braun’s projection on the other hand, distributes the
distortion over the full height of the map, but results in brain
maps that are harder to recognize. Figure 6 shows an exam-
ple.

4. Implementation

The visualization techniques described in the previous sec-
tions are implemented in a prototype application in C++, us-
ing Qt and VTK. The raycasting algorithm is implemented
in OpenCL. The OpenCL raycaster renders to a texture that
is shared with OpenGL using the OpenCL/GL interoptabil-
ity. This texture is then mapped to a quad in the VTK render
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window, a method commonly used in the VTK volume ray-
cast mappers.

To enable real-time visualization, the raw correlation ma-
trices are transferred to the GPU using an OpenCL buffer
object. The size of a matrix depends on the resolution of
the input fMRI volume. For a typical resolution of 4mm, the
resulting correlation matrix is about 800-900 megabytes in
size. Thus, to visualize two datasets concurrently, a graph-
ics card with at least two gigabytes of onboard memory is
required.

5. Case Study

The prototype application with the presented visualization
techniques was evaluated with domain scientists in order to
investigate the possible role of the application in the existing
pipeline of fMRI connectivity research. The evaluation was
set up as an exploratory case study following the guidelines
set out by Yin [Yin09]. The main study question was formu-
lated as: How can the functional connectivity visualization
tool, called BrainCove, assist domain scientists in studying
patterns in functional brain connectivity, the relation with
brain anatomy and in studying inter-subject or inter-group
differences? and the case was defined as the use of our ap-
plication by external domain experts who were targeted as
prospective end users. An evaluation session was held with
two groups, one with a group of four neuroscientists from
the Leiden University Medical Center (LUMC) and a sec-
ond at the Amsterdam Medical Center (AMC), in which the
tool was first presented to a group of 30 people from the
neuroimaging and neuroscience domain in an informal and
interactive presentation and then continued as case study
with a smaller group of researchers (8 in total) specialized
in fMRI connectivity.

In the following sections, we discuss the user feedback
structured according to the case study propositions.

5.1. Matrix Visualization

The matrix visualization gives an overview of the data and
allows for the detection of groups of voxels that are cor-
related. This proposition was confirmed by all participants.
One user specifically mentioned that the matrix visualization
is useful to quickly select peaks of highly correlated groups
of voxels. Participants added that feedback about the order-
ing is important and that rendering of labels would make this
representation more comprehensible, although it was also
noted that the lack of labels is compensated by highlighting
the corresponding voxels in the anatomical visualization.

The matrix visualization allows for a quick check on the
quality of the data, such that errors can be identified before
using the data further in the analysis pipeline. The use of
the matrix visualization for quality checks was not directly
apparent to the participants. They agreed that this represen-
tation could be used to detect large artifacts in the data, but

noted that these artifacts would have already been detected
earlier in the analysis pipeline.

Being able to see the spatial context for correlations or
groups of correlations using the view linking aids in inter-
preting the FC matrix. The participants agreed that the view
linking helps in interpreting the FC matrix, even claiming
that without the linked interaction, they would not have a
clue on how to interpret the matrix. One of the users fur-
ther stated that the matrix visualization would be most useful
to find large scale differences between subjects. The linking
would then help to see where the differences are in spatial
context.

5.2. Anatomical Visualization

The visualization of FC in spatial context supports mental
integration of FC and anatomy. During the session at the
LUMC, the participants mentioned that they find it difficult
to navigate in the current 3-D visualization, because of a lack
of reference. Scientists usually navigate and orient them-
selves within the data using orthogonal slices of a structural
brain or by manually typing in the MNI coordinates. They
strongly suggested that we should integrate a set of simple
orthogonal slice views linked to the 3-D anatomical view
that would serve as an anatomical reference. With such an
anatomical reference, they would confirm this proposition.

We implemented this before conducting the second ses-
sion at the AMC, where the users confirmed this hypoth-
esis, stating that this integration of functional connectivity
and anatomy is an essential element.

The visualization of FC data in which the voxels emit
“light” when they are functionally connected is an intuitive
representation of the correlation maps. All users generally
confirmed this proposition. It was remarked that this method
corresponds to the metaphor used in other tools used in the
field: “what lights up is active”. Users from both groups
noted that the colormap used to represent the correlation
could be improved, such that the scaling is more diverse.
They indicated that the current color map shows the correla-
tion map too brightly, which makes it hard to see differences.
One of the users further remarked that the color map was not
warm enough. Participants in both groups further suggested
to add a colormap legend in the scene and to make the range
of the colormap adjustable.

Interactively selecting a seed voxel by hovering with the
mouse over the voxel of interest facilitates the detection
of interesting networks and abnormalities. This proposition
was confirmed by all participants. They indicated that this in-
teraction technique is the biggest difference with other tools.
One participant stated that the tool could make a significant
contribution to the procedure of selecting a seed voxel in
seed-based analysis. The current method includes a priori
selection of a seed voxel and computation of the correlations
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with all other voxels. According to the participant, load-
ing the whole-brain correlation matrix into our application
would allow for better comprehension in selecting the seed
voxel because the effect of choosing a specific seed voxel is
immediately visualized.

The brain split approach is useful for selecting voxels in-
side the brain volume (for instance, in the cingulate cor-
tex). The participants did not readily confirm this proposi-
tion. One participant from the first group remarked that he
had trouble finding the cingulate between the brain lobes due
to the lack of anatomical reference. The participants gener-
ally agreed that orthogonal slice views would be preferred
for selecting voxels inside the brain volume. In the second
session, the three orthogonal views with the MNI structural
brain was considered a better technique for selecting a seed
voxel in the brain volume, which confirmed the findings
from the first session. Interestingly, one of the participants in
the AMC group considered the brain split approach an effec-
tive method for reducing occlusion in the 3-D visualization,
but not so much for probing.

Context visualization using a high resolution MRI head
volume and a coloured and outlined anatomical atlas aids in
relating FC to anatomical regions. The utility of the colored
anatomical atlas was not directly apparent to the participants
in the first session. One of the participants even noted that the
coloring was more confusing then helpful. Again, the sug-
gestion was made to integrate a linked view with orthogonal
slices of a structural brain or a semi-transparent surface ren-
dering of the brain (usually referred to as a “glass brain”) for
providing anatomical context. Following these suggestions,
we removed the anatomical atlas coloring from the volume
rendering and integrated orthogonal slice views in the tool.
During the second session, participants confirmed that the
slices with a structural MNI brain are the preferred way for
navigation purposes and provide sufficient anatomical con-
text.

5.3. Flat map

Visualizing FC in a 2D projection of the spatial locations fa-
cilitates in forming a mental map of the complete connectiv-
ity network in a single view. Remarkably, researchers from
both groups were not familiar with the use of “flat maps”
for two-dimensional representation of functional connectiv-
ity in anatomical context. They generally found it difficult to
orient themselves in the cylindrical flat map representation
without structural anatomical context and mentioned that a
learning curve would be involved to get accustomed to such
a representation. One participant further commented that the
presented flat map is limited to functional connectivity stud-
ies of the cortex, which makes it unsuitable for use in groups
that focus on sub-cortical regions. In general, participants
did, however, see potential in the use of mappings that are
able to represent the complete connectivity network in a sin-
gle view.
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5.4. Visual Comparison

Coordinated visualizing multiple datasets side-by-side sup-
ports the finding of differences between subjects. All par-
ticipants confirmed this proposition, noting that the visual
comparison would be a powerful tool mainly for visually
comparing single subjects or patients to a group mean, since
this is mostly a visual task. This would also enable the use
of resting state fMRI connectivity as a disease marker. One
of the attending medical doctors further remarked that the
visual comparison could also be employed in intervention
measurement in a clinical setting. For example, patients with
obsessive-compulsive disorder are increasingly being treated
with deep brain stimulation (DBS). Being able to visualize
the functional network of the brain pre-DBS and post-DBS
side-by-side would allow clinicians to see changes in the net-
work, which is helpful in judging whether the current treat-
ment is effective or should be changed.

Visualizing the difference between two datasets supports
the finding of differences between subjects or the impact
of preprocessing on FC networks. The value of visualizing
the absolute correlation difference between different sub-
jects was not directly confirmed. It was remarked that ab-
solute difference in correlation between subjects could be
attributed to noise or to differences in the strength of the
measured signal. Participants did see potential in using the
difference visualization within one subject to compare the
influence of using different preprocessing pipelines. How-
ever, participants did see the greatest potential in connecting
the tool to a database with group averages such as for healthy
subjects and for different pathologies, such that single sub-
jects can be visually compared with the group average. An-
other suggestion was to create the average on-demand from
a group study.

5.5. General remarks

The participants in the first group were generally impressed
by the visualizations and saw the potential in the tool, but
stated that due to the lack of anatomical reference (by means
of structural data) and the inability to select voxels that are
at a distance from the cortical surface, they would not read-
ily use the tool for visual analysis. They suggested the use
of a high resolution brain surface rendering, such as the one
generally used in the SPM toolbox, or orthogonal slices of
the MNI structural brain volume. Once the anatomical ref-
erence could be dealt with, they saw potential in using the
tool especially to compare individual subjects to a group av-
erage, such as in comparing pathologies with healthy sub-
jects with patients with different pathologies or with the ef-
fects of drugs on functional connectivity. They furthermore
suggested to add a feature that makes it possible to select
different types of connectivity (such as hub voxels) on-the-
fly, using a pipeline that is running in the background and a
method that enables the creation of high-quality pictures for
publications.
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The domain scientists in the second session were enthu-
siastic about the possibilities the tool offers for the visual-
ization of the connectivity data. We attribute the difference
in enthusiasm between the first and second evaluation to our
addition of anatomical reference using the structural MNI
slice views before conducting the second evaluation. Espe-
cially the visual comparison of individuals and group aver-
ages was considered an important contribution.

Both groups independently considered the ability to visu-
ally compare connectivity networks to be the major contri-
bution of the tool.

6. Conclusions

In this paper, we presented a tool that couples a number
of visualizations in order to facilitate the visual analysis of
voxel-wise fMRI connectivity. Using our tool, the analyst
is able to quickly identify interesting patterns in the func-
tional network of the brain and differences in connectivity
patterns between subjects or groups by visually comparing
multiple datasets side-by-side. Currently, three different vi-
sualizations are implemented, including a pixmap represen-
tation and direct volume rendering of the correlation map for
a given seed voxel in both anatomical context and a flat-map
layout that shows the correlation map in pseudo-anatomical
spacing. We evaluated our tool in case studies with groups of
domain scientists at two different academic medical centers.

Currently, the flat-map representation uses cylindrical
projections that result in a distorted projection. We plan to
review other types of cortical maps that produce less dis-
torted projections. On the longer term, functionality to cal-
culate the connectivity measures on-the-fly will be added,
such that the tool can directly read pre-processed 4D NIFTI
files. Finally, we plan to extend the comparitive visualization
by allowing the import and on-the-fly generation of group
mean datasets, that allows the analyst to visually compare
individual patients with an overall group.
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