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Abstract:

The focus of this thesis is the development of a visualization module (Sera3d) for the Simulated
Environment for Radiotherapy Applications (SERA) software package, under development at Montana
State University and the Idaho National Engineering and Environmental Laboratories.

In 1997, a highly efficient particle tracking method was developed to speed the Monte Carlo transport
calculations, which simulate the neutron/boron interactions in the anatomical geometry. The new
particle tracking method required a uniform volume element (univel) description of the geometry. The
uniformity allowed for fast tracking through highly efficient indexing schemes and integer-based
arithmetic operations. The adoption of the univel descriptions resulted in the restructuring of the
software package.

With the restructuring of the older software package into SERA, and the advances in computer
graphics hardware, the addition of a visualization module was undertaken to provide a visual
understanding of all aspects of the proposed treatment plan.

The three dimensional rendering in Sera3d is built on the OpenGL graphics library, while all of the
user interfaces and components were developed using the Motif toolkit in an X11 window
environment.

The univel geometry description provides great storage flexibility; virtually any anatomical structure
can be represented. Sera3d is constructed with this flexibility mind, allowing the three dimensional
reconstruction of any region stored with this univel description.

Sera3d also provides various tools for further examination of the region reconstruction. Multiple
rendering windows, each through a different camera, as well as full model rotation capabilities provide
views from any angle. Two clipping planes are provided along each of the three major orthogonal axes,
offering a direct look into the interior of the geometry. Likewise, varying the values of region
transparency allow views into the inner regions. Through the use of texture mapping, an image slice
can be inlaid in any arbitrary direction within the reconstruction. This inclusion of the original data
allows further confirmation of the surface geometry. Additionally, a camera view along the beam line
is provided, as well as image slices perpendicular to the beam line.

One of the unique elements of this system is that the same surface rendering methods used to display
the reconstructed anatomical objects are used to display the isodose contours. This provides for a
striking presentation of the radiation dose data and also provides a useful tool for the clinician in
developing an efficacious treatment plan.

A second method for displaying the dose data is colorwashing the medical image volume with the
isodoses.



This thesis includes the visual results of the applied techniques, as well as visions for the further
integration of Sera3d into the SERA software package.
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ABSTRACT

The focus of this thesis is the development of a visualization module (Sera3d) for
the Simulated Environment for Radiotherapy Applications (SERA) software package,
under development at Montana State University and the Idaho National Engineering and
Environmental Laboratories.

In 1997, a highly efficient particle tracking method was developed to speed the
Monte Carlo transport calculations, which simulate the neutron/boron interactions in the
anatomical geometry. The new particle tracking method required a uniform volume
element (univel) description of the geometry. The uniformity allowed for fast tracking
through highly efficient indexing schemes and integer-based arithmetic operations. The
adoption of the univel descriptions resulted in the restructuring of the software package.

With the restructuring of the older software package into SERA, and the advances
in computer graphics hardware, the addition of a visualization module was undertaken to
provide a visual understanding of all aspects of the proposed treatment plan.

The three dimensional rendering in Sera3d is built on the OpenGL graphics
library, while all of the user interfaces and components were developed using the Motif
toolkit in an X11 window environment.

The univel geometry description provides great storage flexibility; virtually any
anatomical structure can be represented. Sera3d is constructed with this flexibility mind,.
allowing the three dimensional reconstruction of any reglon stored with this univel
description. ‘

Sera3d also provides various tools for further examination of the region
reconstruction. Multiple rendering windows, each through a different camera, as well as
full model rotation capabilities provide views from any angle. Two clipping planes are
provided along each of the three major orthogonal axes, offering a direct look into the
interior of the geometry. Likewise, varying the values of region transparency allow
views into the inner regions. Through the use of texture mapping, an image slice can be
inlaid in any arbitrary direction within the reconstruction. This inclusion of the original
data allows further confirmation of the surface geometry. Additionally, a camera view
along the beam line is provided, as well as image slices perpendicular to the beam line.

One of the unique elements of this system is that the same surface rendering
methods used to display the reconstructed anatomical objects are used to display the
isodose contours. This provides for a striking presentation of the radiation dose data and
also provides a useful tool for the clinician in developing an efficacious treatment plan.
A second method for displaying the dose data is colorwashing the medical image volume
with the isodoses. ‘ :

This thesis includes the visual results of the applied techniques, as well as visions
for the further integration of Sera3d into the SERA software package. '

\




BACKGROUND INFORMATION

Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is a treatment modality engineered for
selectively irradiating certain tumor types. The patient is injected with a drug containing
a stable isotope of boron, B-10, which is capable of accumulating in the tumor tissue.
When irradiated with low energy (thermal) neutrons, a B-10 atom will react with a
neutron (neutron capture). This capture results in the splitting of the B-10 nucleus which
releases an alpha particle and a lithium nucleus) directed opposite each other with
significant energy. This reacﬁon is very damaging to cells within approximately 14
micrometers, roughly the diameter of one or two cells. Thus tissue damage is very
localized to areas with B-10 loaded cells.

Glioblastoma multiforme (GBM) accounts for about 80% of all malignant
gliomas, and continues to be the most intractable brain tumor. It is diagnosed in
approximately 7000 people in the United States each year. GBM is characterized by the
highly infiltrative growth of dendrils. Surgical removal of the tumor without considerable
loss of healthy tissue is not achievable due to the dendrils, and an incomplete removal
often results in regrowth of the tumor. Conventional therapies are not sufficiently tumor
specific and thus produce extensive damage to the normal brain tissue when given in
doses high enough to adequately address the infiltrating GBM cells.

The selective delivery of radiation dose from BNCT lends itself well to the
problematic dendrils of GBM. Because of the abnormally high growth rate of the
cancerous cells, they take in more of the Boron compound than normal brain cells. With

a higher count of B-10 in the tumor cells, a more selective radiation dose is achieved.




This selective radiation dose allows the adequate treatment of the infiltrated dendrils with

minimal damage to normal tissue.

BNCT at MSU/INEEL

Since 1991, Montana State University (MSU) and the Idaho National
Engineering and E_nvifonmental Laboratory (INEEL) have been developing treatment
planning software for BNCT.

The early version of this software package was called Boron Neutron
Capture Therapy Radiation Treatment Planning Environment (BNCT_RTPE).
Segmented regions of interest derived from the medical images were fit into Non
Uniform Rational B-Splines (NURBS) surfaces. In 1997, a new fast particle tracking
method through uniform volume elements (univels) provided a significant speed increase
in the tracking calculations, and thus the univel based region representations were
adopted.

Development commenced on a new and improved treatment planning system
called Simulation Environment for Radiotherapy Applications (SERA), WIﬁch was based
upon the univel representation.

The new package now consisfs of separate software modules: Seralmage,
SeraModel, Sera3d, SeraDose, SeraCalc, SeraPlot and SeraPlan. The modules provide

the necessary functions to conduct a complete BNCT treatment plan.

Treatment Planning Process with SERA

The first step in the planning process is to obtain the diagnostic images either with

Magnetic Resonance Imaging (MRI) or Computed Tomography (CT). Next, the first




module of the software, Seralmage reads the medical slices, for certain formats, and
converts them into an internal format used by the other modules.

The second and most time consuming step of the process is 'segmenting the
images into regions of interest such as scalp, skull, brain, target, and tumor. SeraModel
provides manual and semi-automatic tools for segmenting. The segmented images are
then stacked into a univel (uv/uvh) file representing the treatment volume.

At this point, Sera3d, the visualization module can reconstruct the segmented
regions as well as the medical slices into a 3-dimensional rendering. The Sera3d module
will be the focus of this thesis.

The next step in the process is to run the treatment plan simulation with SeraCalc. -
SeraCalc is a Mogte Carlo simulation, which tracks millions of particle paths through ihe
regions and calculates the radiation dosés associated with the treatment. |

At this point, the radiation doses to the regions are available and can be
superimposed over the original 2-dimensional medical images with SeraDose. For a 3-
dimension View of the doses, Sera3d provides the region surfaces colorwashed with the
dose contours, as well as dose contour surfaces.

SeraPlot and SeraPlan provide dose depth plots and dose volume histograms to

assist in the treatment verification.

OpenGL

Sera3d uses the OpenGL. graphics library for the 3-dimensional rendering.
OpenGL was introduced in 1992, and has become the industry’s most widely used and
supported 2D and 3D graphics application programming interface (API) [10]. Itisa

vendor-neutral graphics standard, guided by the OpenGL Architecture Review Board, an
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independent consortium. OpenGL has proven itself in stability and portability, producing

consistent visual results on a wide variety of platforms.




INTRODUCTION

Problem Statement

The SERA software package has a large amount of data to process in
developing a treatment plan. The univel regions are stored in one large 3—dimensiona1
array, at the same resolution as the original medical images. A two millimeter image set
of a human head produces around 128 slices, each being 256 x 256 pixels, resulting in
around 8,388,608 univels. When the medical images are included there are over 16

million data points.

There are also many different elements of the treatment plan included in the
visualization. Reconstruction of tﬁe segmented regions, superimposed with the original
medical images provides the model for the treatment plan. The patient’s. model must then
be orientated in the path of the beam. The orientation determines the stccess of the
simulation. Finally, the results of the simulation in the form of radiation isodose contours
provide the verification of the proposed treatment plan. All of these aspects of the
treatment need t'o be included in the visualization process with Sera3d.

The following sections' discuss the techniques used to visually reconstruct the

large amount of data, as well as the various tools provided for investigation.
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To reduce the problem of control point gathering, a second method for selecting
control points was developed. This method first broke the points in the region trace into
degree bins, based from the center of the region. The degree bins can be seen in Figure 7.
In the case of the previous example with 360 trace points and 36 control points, the
region was broken into pie slices, each slice representing 10 degrees. An extreme point
Vfrom each pie slice or bin was then selected. An extreme point is the point in the bin with
the largest standard deviation of position from the center of the region.

The degree algorithm prevented points from gathering together in areas of hl gh
detail and thus adequately provided smoother surfaces. However, the degree method had
several problems. The main problem was in the need for a regional center point. If
concave regions were encountered, the center point would not properly divide the border
pbints into degree bins. A second disadvantage to the degree approach was the exact
problem that it solved. It would prevent control points from gathering in areas of high
detail, resulting in the loss of detail. A good NURBS representation was a fine balance
between detail and smooth surface representation.

Overall, the NURBS surfaces reasonably represented the regional surfaces with
clean, smooth renderings. They were, however, only approximations and they still
imposed the restriction of not allowing disjoint regions. With Sera3d being the only
module in the software package that would impose this restriction, it was not acceptable.

This led to the new techniques in phase I, described in the next section of this thesis.
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Phase I1

After determining that the NURBS surfaces lacked the flexibility needed to
accurately represent the regioné, new rendering techniques were explored, and ms
were abandoned. The removal of NURBS removed the region tracing problems. Since a
the regional outlines no longer needed to be returned in a specific order, a very simple
neighbor checking algorithm could be used for extracting the regional boundary-pixels.

The algorithm for extracting the regional boundaries is a true 3-dimensional
algorithm, unlike the regional tracing algorithm, which traced on a stack of 2-dimensional
slices. The slices are stored in a 3-dimensional data block, with the 2-dimensional slices
stacked one on top of another. The algorithm simply marches through the pixels in the
data block, watching for the region of interest. When a region pixel is encountered, eﬂl 6-
neighbors (Figure 1) are examined. If any of the 6-neighbors is not the current region,
the region pixel is é border pixel and is thus added to the list for the current body.

This simple algorithm proved to be very effective at extractiﬁg the boundaries of
the reéions, providing a clean, interactive, wireframe rendering. One disadvantage of this
algorithm was that it would not only extract the outer boundary of a region, but the. inner
boundary as well. For example, when extracting the boundary of the scaip, the outer
boundar}ll where it bordered the buffer would be extracted, as well as the inner boundary
with regions such as the skull, sinus, and brain. These inner boundaries were not |
necessary and would slow as well as clutter the rendering of the regions. To prevent the

extraction of inner boundaries, the algorithm needed to know the regional hierarchies. To “

provide this intelligence, regional hierarchy information was stored in a file.
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for each frame. However, because the lighting calculations could be avoided altogéther,

the time to redraw the solid model was greatly improved.

Polygonal Surface Rendering/Marching Cubes

With the removal of the NURBS, a new approach to obtaining smooth polygonal
surfaces was needed. The first approach tried was the idea of a neighbor fan.

The neighbor-fan algorithm was based on the boundary extraction algorithm, in
that it would march through the data block checking for the current region. When the
region was encountered, it would check its 6-neighbors (Figure 1) to see if it was a border
point. If it was a border point, it would then check all of its 26-neighbors (Figure 1) to
determine which of them were also.border points. The next step would be to build a fan
of tﬂangulqr polygons to each of its neighbors that were themselves border points.

The difficulty o.f ‘this approach was deterrr__ﬁhing the correct seqﬁence in which to
connect the neighbors with the triangle fan. To specify the front face of a triangle, the
verﬁces must be connected in a counter-clockwise order. Applying the neighbors in a
consistent order did not produce the desired effects. The polygons would consistently
face a single direction, which was incorrect on the opposite side of the region where they

should face the opposite direction. A polygonal lookup table could be implemented, but
with 26-neighbors, 2%6 cases are needed, which is not a practical table size, on most

computer systems. Due to this difficult vertex ordering situation, a different approach

was taken.
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MEDICAL DATA RENDERING

Single Slice Inlay

To improve the validity of the visualization, the original medical data was
introduced into the rendering. The first method for inlaying the medical data was very
crude. For each non-buffer pixel in the image, a square polygon was constructed and |
colored with the pixel’s gray value. This produced a fine looking slice, but at the cost of
rendering speed. With the slices at a resolution of 256 x 256 and with the buffer making
up slightly over half of pixels in the image, this method would add around 25,000
polygons for the slice.

The medical sli’ce rendering was greatly enhanced by a texture mapping process.
In normal 2-dimensional texture mapping, an image is wrapped around the surface of a 3-
dimensional object. This 2-dimensional method would work to map the image of a
medical slice onto a single square polygon, but a 3-dimensional texture mapping
approach was even mére suited to this rendering.

Three-dimensional texture mapping starts with a block of data, in this case a stack
of uniformly spaced 2-dimensional images. When texturing a 3-dimensional object with
a 3-dimensional texture map, it is as if the object is "cut" out of the block. This is
analogous to having a block of wood and cutting the object, such as a teapot out of it.
Then by drawing a single square polygon and mapping the corners of the polygon into
the 3-dimensional texture block, we can inlay the single axial slice. Itis easy to see that
with the freedom to map the corners of the polygon into the texture block, not only can an
axial slice be rendered, but any oblique slice as well. This in itself provides a useful tool

for investigating the medical data.

















































