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Abstract
There is need for detailed knowledge about the
changes in the structure of the muscle fibers of the
heart after an ischemic infarction. In order to improve the treatment of this illness, it is crucial to
understand the adaptation of the structure. Diffusion Tensor Imaging (DTI) is a non-destructive
technique that can be used to reconstruct the structure of the fibers in the heart wall.
The visualization of this vast amount of densely
packed fibers is a challenging problem. In order to
understand the structure, it is necessary to convey
both the shapes of the fibers, and their mutual coherency. We propose to use line illumination and
shadowing of fibers in order to improve the perception of their structure. Using these methods, we
present an intuitive way to visualize the structure
together with other properties, while avoiding cluttering.
The presented methods were applied to a series of
healthy and ischemic mouse hearts. These methods
helped the user to gain insight in the fibrous structure of the heart.

1

Introduction

The heart is a hollow muscle that pumps blood
through the body by repeated, rhythmic contractions. In mammals, it has four chambers: the two
upper atria and the two lower ventricles. As opposed to skeletal muscle, the heart contracts without being triggered by nerve impulses, and it can
work continuously without fatigue. The efficiency
of the heart as a pump is the result of the arrangement of the muscle fibers in the heart wall. This cardiac structure is not fully understood and has been

a topic of research and discussion for at least a few
hundred years. Even today it is a disputed topic [2].
The oxygen needed by the heart muscle to do its
work is supplied through blood coming from the
coronary arteries. A restriction of this blood supply is called cardiac ischemia. Acute cardiac ischemia, commonly known as a heart attack, can be
caused by a blood clot occluding a coronary artery.
If a heart attack is survived, a wound healing process takes place. This usually causes a local thinning of the heart wall and changes in its fibrous
structure. In non-ischemic regions, the heart wall
may thicken to compensate for the loss of functional muscle fibers in the ischemic region. If these
changes cannot compensate for physiological needs
of the body, heart failure can occur. Because the
changes are not fully understood, research is being
done with the purpose of improving our insight in
the fibrous structure of both healthy and ischemic
hearts. The long-term goal of this research is to improve treatment of cardiac infarction.
One of the tools that are used to characterize the
heart is Diffusion Tensor Imaging (DTI) to image
healthy and ischemic mouse hearts. DTI is an MRI
technique that measures the local diffusion of water
in tissue. The measured diffusion provides information on the presence and orientation of fibrous
structures in tissue (e.g. in heart muscle). DTI is an
improvement over conventional histological techniques, because it is not destructive and less laborintensitive [6]. However, like histology, heart DTI
cannot be applied in-vivo in mice. The reason for
this is that the movement of the heart interferes with
the diffusion of water that is being measured.
A common way to visualize DTI data is by reconstructing fibers using tractography [14]. Most
existing tools for visualizing DTI fibers render them
either as unshaded polylines or as polygonal tubes.

The use of unshaded lines gives no cues about the
shape of the fibers, as is shown in figures 3(a) and
4(a). The use of polygonal tubes requires a large
number of polygons in order to achieve high image quality (figure 4(b)). This results in bad rendering performance. Also, neither method conveys
the coherent structure of a large amount of fibers
clearly. For heart visualization this is very important because the heart wall is densely packed with a
vast amount of fibers with a continuously changing
orientation when moving through the tissue.
We apply techniques that are used for the realistic rendering of human hair in order to improve the
visualization of the dense fibrous structures of the
heart. The two most important components of realistic hair rendering are the local lighting model,
and the casting of shadows from hair fibers onto
each other. Both techniques are essential for creating realistically-looking images [7]. Without proper
line lighting, individual fiber shapes are not apparent. Without shadowing, the coherent structure of
groups of fibers cannot be easily shown.
In scientific visualization, illuminated lines are
also used to acquire a better perception of shape
[12, 10]. The lighting model used is similar to that
used for hair rendering. However, it is not combined with shadowing. In this paper, we show how
perception of both shape and coherency of large
amounts of densely packed fibers can be considerably improved by applying line lighting and shadowing. We then apply them to fibers tracked in DTI
datasets of healthy and diseased hearts. We also introduce a new approach to visualizing a slice of DTI
heart data. We render short fibers originating from
the selected slice in order to show the fibrous structure in the slice. This can be considered as a hybrid method where fiber tracking is used to create a
glyph-like representation of the local structure. Our
technique improves existing tools to analyze heart
data in the sense that the fibrous structure is visualized in a more intuitive way, and it can be combined
with the visualization of additional properties using
color coding. Because we implemented the lighting and shadowing to run directly on the GPU, we
achieve interactive framerates.
General methods for visualizing DTI data, and
specific methods used for heart visualization are
given in section 2. In section 3, we describe our
methods for the visualization of DTI heart data.
In section 4 we apply our method to a series of

healthy and ischemic mouse hearts and we analyze
the results. Finally, in section 5, we summarize our
contributions and identify directions for future research.

2

Background and related work

A DTI dataset consists of a structured grid, with a
diffusion tensor on each grid point representing the
local diffusion. Each diffusion tensor is represented
by a symmetric 3×3 positive definite matrix D. Trilinear interpolation on each component of D is used
to reconstruct a continuous tensor field. Other interpolation methods might be used for interpolating
tensors, but that topic is beyond the scope of this
paper.
Eigenanalysis of D gives the eigenvalues λ1 ≥
λ2 ≥ λ3 ≥ 0, and the accompanying eigenvectors
~e1 ,~e2 and ~e3 . The eigenvectors represent the principal diffusion directions, and the eigenvalues are
the corresponding diffusion coefficients. An intuitive way of representing a diffusion tensor is with
an ellipsoid that has its axes aligned with the eigenvectors of D and scaled by the eigenvalues.
Many measures or anisotropy indices exist for
classifying the diffusion type [14]. In this paper we
use fractional anisotropy (FA) defined by:
p
(λ1 − λ2 )2 + (λ2 − λ3 )2 + (λ1 − λ3 )2
q
FA =
2(λ12 + λ22 + λ32 )
Various methods exist for visualizing DTI data
[14]. One can compute scalar anisotropy indices
such as FA from the diffusion tensors. The resulting scalar volume can be visualized by, for example, volume rendering. Less information is lost if
the tensor field is simplified to the vector field defined by ~e1 . A popular way to visualize this field is
by slicing the data and applying RGB color coding.
This color coding directly maps the components of
~e1 to RGB color space.
An often-used measure that enables quantification of fiber orientations in the heart is the helix angle αh . It represents the angle between the fiber direction and the plane perpendicular to the long-axis
of the heart. This is shown in figure 1. αh is often
used as input of models for heart simulation, and
for quantification of deviations in fiber orientations
between healthy and diseased hearts. Figure 5(a)
shows αh in one slice of a healthy heart using color
coding.

Figure 1: Schematic representation of the fiber orientations in the left ventricle of the heart with a depiction of the helix angle αh .

The fibers that are the output of a fiber tracking
algorithm can be visualized in various ways. The
simplest way to visualize them is with unshaded
lines, as is shown in figures 3(a) and 4(a). Local
anisotropy indices can be color-coded on the lines.
However, with unshaded lines it is hard to see their
actual shapes and their mutual coherencies. In order
to improve the perception of shape and orientation
of the fibers, the local fiber orientation can be colorcoded on the lines by mapping the components of
the local direction directly to RGB values. Zhukov
and Barr [18] propose a color coding that distinguishes between muscle fibers in the heart that follow either a clockwise or a counter-clockwise spiral
trajectory. However, using color coding to improve
the perception of the fiber structure prohibits the use
of color to show other properties.
Polygonal tubes can be used to represent fibers,
but in order to achieve a good image quality, a large
number of polygons is required. This results in bad
rendering performance. For dense sets of fibers,
polygonal tubes also cause more occlusion than
line-based techniques. Polygonal tubes are shown
in figure 4(b).

Figure 2: Long fibers tracked in a healthy mouse
heart using whole-volume seeding. Line lighting
and shadowing were used to render the fibers.

Tractography or fiber tracking aims at reconstructing the fibrous structure that lies at the basis of
the anisotropy measured by DTI. There are several
techniques to perform this reconstruction. We use
streamline tracing in the vector field of ~e1 . It is the
same method as described by Vilanova et al. [13].
Streamline tracing is initialized from seed points
that specify the starting positions of the fibers. Several strategies exist for the placement of seed points.
These seeding strategies require a varying degree of
input from the user. If the user has to specify a region of interest (ROI) where seedpoints are placed,
it is possible that important features of a dataset are
missed. If automatic seeding in the whole volume is
used, the resulting fibers can clutter the image (see
figure 2). This makes it difficult to get insight in the
data. User-defined ROIs can also be used to select
a subset of fibers from a large set of precomputed
fibers. It has been shown that this can be helpful for
the exploration and interpretation of DTI brain data
[1, 4].

In order to visualize DTI heart data, color maps
of 2D heart slices based on various scalar indices
(e.g. αh and FA) are applied [6]. This is shown
in figures 5(a) and 5(d). Fiber tracking and glyphing have also been used to visualize DTI heart data
[18, 11]. However, these visualizations tend to use
only whole-volume seeding for fiber tracking in order to reconstruct the heart shape. Using this technique it is hard to say anything about the structure
of fibers inside the heart wall because they are occluded. The glyphing approaches can only show local information in a limited region of interest. If
glyphs are distributed densely, occlusion becomes a
serious problem. Already when showing the glyphs
in a 2D slice, they become ineffective and color
coding is necessary to indicate orientation.
In hair rendering, anisotropic lighting [7, 3]
is used for the local shading model.
This
gives realistic-looking results and conveys the fiber
shapes to the viewer in an intuitive way. Some scientific visualizations use illuminated lines in order
to make the shapes of the individual lines easier
to interpret [10]. Stalling et al. [12] describe a
method that uses the normal in the normal plane of
the fiber that maximizes the lighting intensity as an
efficient model for anisotropic lighting. Wenger et

al. [15] use anisotropic lighting for volume rendering of vector-field structure and also apply it to DTI.
However, the density of the fibers that can be visualized is limted by the resolution of the 3D texture
that they use for hardware-accelerated volume rendering.
The large number of algorithms for rendering of
shadows [17] indicates the importance of shadows
for creating realistic-looking scenes. For rendering
hair and fur, self-shadowing is essential to make it
look real [7]. Shadow mapping is an image-space
shadowing technique that is suitable for complex
scenes because it does not depend on the geometric complexity of the scene [16]. However it has
some problems, including aliasing on the edges of
casted shadows. Therefore, many extensions to the
classical shadow mapping algorithm exist, of which
some were especially constructed for the rendering
of complex structures such as hair [9, 8].
We apply techniques used for the realistic rendering of hair in order to create a better visualization of DTI heart data. We apply anisotropic lighting in order to make the shapes of the fibers better visible. Shadow mapping is applied to make
the coherent structure of nearby fibers apparent. In
addition, we track short fibers from seed points in
one slice. This avoids the occlusion and cluttering
caused by tracking long fibers with whole-volume
seeding. Compared with glyph-based methods, it
shows more context and suffers less from occlusion
because the fibers are only one pixel thick. We also
combine our method with color coding to visualize
addtional properties such as FA. Because interaction is essential for the inspection of the heart data,
we make use of the capabilities of the GPU to implement our techniques such that interactive framerates are possible.

3

Heart-structure visualization

In this section, we show how proper lighting and
shadowing can be used to improve the visual perception of the structure of a DTI dataset. We then
present a method to visualize slices of DTI heart
data that can show the fiber structure and additional
properties, while avoiding cluttering. In section 3.1,
we describe how existing line lighting theory is implemented for use with DTI fibers. In section 3.2,
we explain how the standard shadow mapping technique is modified in order to give good results for

(a) no lighting

(b) illuminated lines

Figure 3: Fibers tracked in a folded eye nerve of
a pig, which was used to create a phantom DTI
dataset.
dense line datasets. Finally, in section 3.3 we describe the slice visualization. The lighting and shadowing algorithms are implemented in the OpenGL
Shading Language (GLSL), and run directly on the
GPU. This ensures interactive rendering speeds.

3.1

Illuminated lines

In the Phong lighting model, the light intensity I at
a point on a surface, follows the equation:
I = ka + kd (~L · ~N) + ks (~V · ~R)n

(1)

The material-specific values of ka , kd , ks and n are
the ambient, diffuse and specular coefficients, and
the specular component or shininess. ~N is the normal at the surface point. ~L points towards the light
source, ~V towards the camera position, and ~R is the
reflection of ~L at ~N. Vectors ~N, ~L, ~V , and ~R have
unit length.
This model cannot be applied to illuminate lines
directly, because lines do not have a single normal
~N, but a plane of normals perpendicular to the tangent direction ~T . This problem can be resolved by
choosing for ~N the vector in the normal plane that
maximizes (~L · ~N) and (~V · ~R) in Eq. (1). To avoid
explicit calculation of the optimal ~N, the following
equations can be used [3, 12]:
q
~L · ~N = 1 − (~L · ~T )2
(2)
q
~V · ~R = (~L · ~N) 1 − (~V · ~T )2 − (~L · ~T )(~V · ~T )(3)
Using Eq. (2) and (3), the calculation of I in Eq. (1)
can be implemented directly as a GLSL shader. The
effect of line lighting is shown in figure 3.

(a) No lighting and no shadowing

(b) Polygonal tubes with Phong lighting

(c) Line lighting and no shadowing

(d) Line lighting and shadowing

Figure 4: Short fibers tracked in a slice of a healthy heart dataset. In (b) fibers are represented by polygonal
tubes with 6 sides.

3.2

Shadowing

Shadow mapping [16] is a well-known and wellresearched technique. It has two render passes. In
the first render pass it renders the scene with the
camera placed at the light source. The depth-values
in light-coordinates of the rendered fragments are
stored in the shadow map. In the second render
pass, the camera is placed at the actual view position. For each fragment, the view-coordinates
are converted to light-coordinates (x, y, z). The zcomponent is then compared to the depth-value zs
stored in the shadow map at position (x, y). If z = zs
then the current fragment is visible from the light
source and thus lighted. If z > zs then there is another object closer to the light source that obscures
the current fragment, so it must be shadowed.
This approach has two problems. The first is
the limited resolution of the shadow map combined with the computations to convert coordinates
in camera space to light space. One pixel in the
shadow map may represent many pixels in the image in camera space. This can cause serious aliasing

artefacts. The second problem is self-shadowing of
objects. Because they are the result of two different,
limited-precision computations, the depth-values z
and zs will not be exactly the same. Depending on
which value is larger, for each fragment there is a
chance that the object casts a shadow onto itself.
This problem is usually solved by subtracting an
offset d from zs , such that the computed distance
between z and zs must be at least d for the fragment
to be shadowed. This is not a solution in our case
because we have very dense sets of fibers where no
reasonable value can be given for d.
We tackle the aliasing problem by using a highresolution shadow map. We implemented the
shadow-mapping technique using Framebuffer Objects to render the shadow map to a texture which is
at least twice as large as the resulting on-screen image, in each dimension. Our current graphics card
supports textures of up to 40962 pixels. The use
of these high-resolution textures for shadow maps,
suffiently reduces the aliasing problem in our application.
The problem with lines casting shadows onto

themselves is solved by not using depth-values for
the shadow computations, but a unique identifier idl
for each line segment. These idl -values are rendered to the shadow map and compared with the
fiber idl s when rendering the scene with the camera
placed at the actual view position.
In figure 4, the image with shadows makes the
coherent structure of the fibers visible. Without shadowing, in figure 4(c), it is nearly impossible to determine which fibers are in front and
which are behind. By applying shadowing in figure 4(d), fibers that are behind other fibers are deemphasized. This makes it easier for the viewer
to determine which fibers are in front, and which
are behind. Notice that lighting and shadowing are
more effective communicating the fiber structure
when interactive changes of view are used.

3.3

Slice visualization

Current practice for visualizing heart slices is to use
glyphing, or color coding of anisotropy indices (figure 5(d)) or fiber orientation (figure 5(a)). These
approaches have some disadvantages. Color coding
can visualize at most a few scalar components in a
2D subset of the data. Glyphing can only show local
information in a limited region of interest.
Our approach of rendering fibers with lighting
and shadowing, makes it possible to visualize the
shape and orientation of fibers, and to show the coherency among densely structured fibers. The use
of anisotropic lighting and shadowing was inspired
by the realistic rendering of human hair. If the rendered hair are short, viewers will intuitively interpret the structure of the hair, including the local
fiber orientations. We apply this to slices in heart
DTI data by using fiber tracking to reconstruct short
fibers that pass through the current slice of interest.
This is done by placing a dense set of evenly-spaced
seeding points in the specified slice. Fibers are then
tracked with a small maximum length. Results for
a healthy heart are shown in figures 5 and 4.
This approach has several advantages. First, our
method is more intuitive than color coding to show
the local fiber orientation. Color coding of the fiber
orientation will need a legenda that relates the colors to orientations in order to interpret the images.
Second, color coding (e.g. color coding of αh in
figure 5(a)) cannot show all components of~e1 while
retaining a unique color for each orientation. Third,
our method can be combined with color coding to

show additional information. Since colors are not
used for showing the fiber orientation, anisotropy
indices can be encoded using color. This is shown
for FA in figure 5(c). Finally, the length of the fibers
can be varied. This can be used to give the user
control over the amount of information that is being
shown.

4

Results

We applied the proposed visualization to a series of
healthy and infarcted mouse hearts. Four datasets
were available of healthy hearts. For infarcted
hearts we had 5, 4 and 5 datasets measured respectively at 7, 14 and 28 days after infarction. Each
heart is only a few millimeters long and the scanning resolution was 117 × 117 × 234µm3 . Because
DTI acquisition of a mouse heart cannot be done invivo, no two different datasets represent the same
actual heart. The infarcted hearts had an ischemic
infarction in the left ventricle. The left ventricle
pumps the blood into the aorta through the whole
body. Therefore, it is the strongest of the four heart
chambers and it has the thickest wall, which makes
it easier to image. All data was measured for research done to gain insight in the changes in the fibrous structure of the heart wall after an infarct [5].
This analysis may lead to a better understanding of
the remodeling process that takes place after the infarct. Eventually it can help in developing better
treatments for cardiac ischemia.
Current methods for evaluating the structure of
the heart employ color coding of the helix angle in
one slice of the data, as is shown in figure 5(a).
Our method shows more global information than
existing slice visualizations and conveys the fibrous
structure in a more complete and more intuitive
way. It is more complete, because with a single
color-coded image it is not possible to visualize all
components of the fiber directions. It is more intuitive because the visualization shows hair-like structures that people are used to seeing and interpreting.
In figure 6(a) we visualize an axial slice of a
healthy heart. It clearly shows the big circular cavity the left ventricle, and its thick wall. The right
ventricle can be seen on the bottom right. It has a
much smaller cavity and a thinner wall. The color
coding that was applied maps the x, y and z values
of the local tangent of the fiber to RGB components.
It can be seen that from both the inside and the out-

side of the wall of the left ventricle, when moving
to the middle of the wall, the fiber orientation gradually changes from largely out-of-plane to in-plane.
In the middle of the heart-wall, the fibers follow
a circular pattern. The latter cannot be visualized
using 2D slice coloring of the helix angle only, as
was shown in figure 5(a). Using our method, separate illustrations for in-plane and out-of-plane components of the fiber orientation are no longer necessary. This is considered a big advantage by the
users. They use the visualization to get an overview
of the data in order to select regions of interest that
require further analysis. Also, our methods work
well to gain insight in local fiber orientations and
are preferred over glyphing methods.
Figures 6 (b)-(d) show results for infarcted hearts
at 7 and 28 days after infarction. Figure 6(b) shows
a heart slice at 7 days after infarction. The infarcted
area is on the left. When compared with figures 5
and 6(a), it can be seen that the middle of the heart
wall in the infarcted area, which shows a clear circular pattern in healthy hearts, is thinner. Also, the
overall shape of the heart-wall in the infarcted area
has become more irregular. Two different slices of
two hearts scanned at 28 days after infarction are
shown in figures 6(c) and 6(d). Figure 6(d) shows a
long-axis slice, as opposed to all other figures which
show short-axis slices. It can be clearly seen in this
figure that the heart wall in the infarcted area, at the
bottom of the image, has become much thinner than
the rest of the heart wall. Also, the structure of the
fibers in the infarcted area is more irregular. This
can also be seen in figure 6(c). In addition, figures
6(b) and 6(c) show the local FA using color coding. The red areas appear mainly in the infarcted
regions. This indicates that infarcted tissue is more
anisotropic than tissue in non-infarcted areas. This
appears contradictory because the irregularity of the
fibers seems to indicate less structure in those areas. However, it can be explained by the formation
of collagen fibers which strengthen the damaged regions in order to avoid rupture. DTI measurements
of these collagen fibers give higher anisotropy values, while they are less structured. This was confirmed using histology.
The proposed visualization depends a lot on the
ability of the user to interact with the data and to
change visualization parameters in real-time. In
order to achieve this interactivity, the lighting and
shadowing were implemented using shaders that

run directly on the GPU. The rendering performances for several datasets are listed in table 1.
The measurements were made on a 3.2 GHz Pentium 4 PC with 1 GB of RAM and a GeForce
7800 GTX 256MB graphics card. Using line lighting and shadowing, the listed datasets with under
1M line segments show framerates between 15 and
53 FPS. This is enough to ensure interactive viewing. For comparison, we also list the performance
when rendering the same datasets using polygonal tubes with six sides, as shown in figure 4(b).
As can be seen, the proposed methods outperform
the tube approach. Videos showing the interaction,
and additional images, can be downloaded from
http://timpeeters.com/research/vmv2006/.

5

Conclusions and future work

Our work was inspired by techniques for the rendering of human hair. With the techniques presented, it is possible to visualize denser sets of
fibers, while the structure of the fibers is more apparent. The lighting of the fibers improves the
perception of shapes. The casting of shadows by
the fibers onto each other shows which fibers are
in front and which are behind in an intuitive way.
This also shows the coherencies among fibers. We
showed that the proposed slice visualization is useful for getting insight in DTI datasets of the heart.
It shows the fibrous structure of slices of the heart
in an intuitive way. Furthermore, it allows for visualization of extra properties such as FA using color
coding, in combination with the fiber orientations.
Our users showed that this allows for easy inspection of the fibrous structure of healthy hearts, and to
detect changes in ischemic hearts.
There are more hair-rendering techniques that
can be applied to the visualization of DTI fibers.
Mallo et al. propose a more complex method for
illuminating lines [10] that can give better results
in some cases. There are improved shadow mapping techniques, such as deep shadow maps [9] and
opacity shadow maps [8], that were developed especially for the rendering of hair-like structures. The
application of these techniques needs to be evaluated in the future.
We will also link DTI fibers with models or invivo MRI measurements of strain in the heart wall
in order to relate structural changes caused by ischemia to the functioning of the heart. This can help

#fibers
2744
4143
8354
4055
15105
1493
1660

total
#line segments
50707
74578
96288
103575
177198
1006774
1511642

FPS
no lighting
800
550
375
425
206
25
36

FPS
line lighting
139
97
74
68
40
6.6
4.4

FPS
light+shadow
53
36
29
26
16
2.4
1.7

FPS
tubes
24
17
14
11
6.7
1.1
0.7

Figure(s)
6(c)
6(d)
6(b)
6(a)
5, 4
3
2

Table 1: Dataset size and performance in frames per seconds (FPS) for rendering with line lighting and
shadow mapping. The datasets are ordered by the number of line segments. Measurements were made
using a 1024 × 768 viewport and a 4096 × 3072 shadow map. Tube rendering results were included for
comparison.
to improve the treatment of heart diseases such as
heart failure caused by the remodeling of the heart
after an ischemic infarction.
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(a) αh slice

(b) αh color-coded fibers

(c) FA color-coded fibers

(d) FA slice

Figure 5: (a), (b): Color coding of αh . Blue indicates in-plane fibers, red is out-of-plane. (b), (c): Lighting
and shadowing of lines combined with color coding of helix angle (αh ) and fractional anisotropy (FA). (c),
(d): Color coding of FA. Green indicates small values for FA and red indicates large values.

(a) healthy, RGB color coding of tangent

(b) 7 days, FA color coding

(c) 28 days, FA color coding

(d) 28 days, αh color coding

Figure 6: Ischemic hearts 7 and 28 days after infarction. Selected saggital, coronal and axial slices are
shown with αh color coding on the left in each image. In (b) and (c), green indicates small values for FA
and red indicates large values. Yellow indicates intermediate values.

