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Uberblick

Enddarmkrebs (Krebs des Dickdarms oder des Rectums) ist die zweitgrof3te Ursache flir den
Tod durch Krebs in den USA. Jéahrlich werden allein in den USA etwa 158.000 Diagnosen
gestellt. Die Wahrscheinlichkeit fur die Erkrankung an Enddarmkrebs liegt fur die Amerika-
ner bei 1:20, die Sterblichkeit bei 2.5% [CBW95]. Seine friihe Entdeckung und Behandlung
ist von hoher Bedeutung fiir das Uberleben der Patienten. Leider entwickeln sich die Sym-
ptome erst in einer spaten Phase der Krankheit. Aus diesem Grund scheint eine Reihenunter-
suchung von Patienten einer bestimmten Risikogruppe, z.B. ab einem bestimmten Alter,
angebracht. Gegenstand der Untersuchung ist die Suche im Dickdarm nach Polypen mit
einem Durchmesser von mehr als 5 mm. Diese Polypen haben eine hohe Wahrscheinlichkeit,
bdsartig zu sein.

Medizinische Grundlagen

Zur Zeit existieren funf verschiedene Untersuchungsmethoden zur Diagnose von Enddarm-
krebs, von denen allerdings nur zwei zur Untersuchung des kompletten Dickdarms geeignet
sind:

1.Barium Enema

Zu Beginn dieser Methode wird Barium in den Dickdarm eingefuhrt und auf einem Rontgen-
schirm bei niedriger Bestrahlung tiberwacht. AnschlieRend werden Ubersichtsaufnanmen aus
verschiedenen Blickwinkeln erzeugt. Polypen kdnnen durch Formdefekte (z.B. Ausstulpun-
gen) der Bariumkolorierung erkannt werden. Diese Prozedur ist nicht invasiv und relativ gtin-
stig ($400 [HLVK96]). Leider erfordert sie aber einen hohen Grad an Kooperation seitens des
Patienten. Die Sensitivitat liegt in dem Bereich von 78% bis zu 80-95% bei Polypen grof3er
als 1 cm und ist damit nur eingeschrankt brauchbar [CBW95]. Ein weiterer Nachteil ist die
relativ hohe Rdntgenbestrahlung des Abdomen und damit des reproduktiven Systems des
Patienten.

2.0ptische Dickdarmendoskopie

Die optische Dickdarmendoskopie wird in medizinischen Veroéffentlichung als geeignetes
Verfahren zur Reihenuntersuchung von Dickdarme empfohlen [CBW95]. Hierbei wird eine
optische Sonde in den Dickdarm des Patienten eingeflihrt, der intravends sediert und dessen
Dickdarm mit Luft aufgefullt werden muf3.




Verbunden mit der Dickdarmendoskopie ist ein geringes Risiko der Perforation. Abhéngig
von technischen Problemen und der Belastung des Patienten kann in einigen Fallen der Dick-
darm - insbesonderes der vordere Bereich - nicht komplett untersucht werden. Wirtschaftlich
gesehen ist diese Methode teurer als die vorhergehende: Ein trainierter Arzt braucht ungefahr
40 bis 50 Minuten, um diese Untersuchung durchzufiihren. Die Kosten bewegen sich dabei
im Bereich von $1.300 bis $1.900. Die Sensitivitat liegt bei tiber 90%, auch bei Polypen klei-
ner als 1 cm [CBW95].

In dieser Arbeit

In dieser Arbeit wird eine alternative Methode zur Untersuchung des ganzen Dickdarms vor-
geschlagen, die virtuelle Dickdarmendoskopie. Dieses Verfahren besteht im wesentlichen aus
drei Bearbeitungsschritten:

1.Klinischer Abschnitt

Nach einer Aufblahung des Dickdarms des Patienten mit Hilfe von Luft wird ein Volumenda-
tensatz des Abdomen mittels mehrerer CT-Projektionen erzeugt. Die Aufblahung des Dick-
darms ist notwendig um ihn vollstandig zu entfalten und um einen guten Kontrast fur das
Segmentierungsverfahren im néachsten Schritt zu erreichen.

2. Vorbearbeitung durch eine Workstation

Im ersten Vorbearbeitungsschritt wird die Segmentierung des Dickdarms aus dem Volumen-
datensatz mit einem einfachen binaren Segmentierungsverfahren vorgenommen. Anhand der
segmentierten Dickdarmvoxel wird ein Skelett des Dickdarms erzeugt.

Im nachsten Vorbearbeitungsschritt wird entlang des Dickdarmskeletts eine Unterteilung der
Dickdarmvoxel in Segmente vorgenommen und anschiefl3end eine Isoflache mittels des Mar-
chingCube-Algorithmus extrahiert.

Schlief3lich werden anhand der Dickdarmvoxelunterteilung zwei Potentialfelder berechnet,
die zur Navigation verwendet werden.

3.Interaktive navigationsunterstitzte Untersuchung des Dickdarms

Ein Visibilitatsalgorithmus, basierend auf der Dickdarmunterteilung, wird angewendet und
ein interaktiver Fly-Through durch diesen Dickdarm erzeugt. Mit Hilfe eines halbautomati-

schen Kameramodells wird die Orientierung innerhalb dieses Organs und die Interaktivitat
wahrend der Untersuchung gewahrleistet.
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Erste Erfahrungen

Der Umgang mit einem Endoskop und die Orientierung durch das optische System des Endo-
skops sind sehr schwierig, so dal Arzte ein mehrjahriges Training absolvieren, um ein sol-
ches Instrument sicher bedienen zu koénnen. Dieses Training fehlt den klinischen
Projektpartnern der Radiologie des University Hospitals at Stony Brook, so daf3 ein echter
Vergleich durch eine klinischen Evaluation - die in Kiirze vorgenommen wird - geleistet wer-
den kann. Erste Erfahrungen liegen jedoch durch die Zusammenarbeit mit den klinischen
Projektpartner vor. Hierbei wurden die Ergebnisse einer optischen Dickdarmendoskopie mit
denen der virtuellen Dickdarmendoskopie bei einem Patienten gegeniber gestellt.

Es zeigte sich, dal} das System der virtuellen Dickdarmendoskopie sehr intuitiv bedienbar

und in weniger als einer halben Stunde beherrscht werden konnte. Formdefekte konnten an
vergleichbaren Positionen wie in der optischen Dickdarmendoskopie nachgewiesen werden.

Leider war eine endgultige Aussage nicht mdglich, da durch ungenaue Positionsangaben des
optischen Verfahrens und durch Segmentierungsprobleme des virtuellen Verfahrens einige
Fragestellungen nicht entscheidbar waren.

Besonders problematisch ist das Segmentierungsproblem. Das aktuelle bindre Segmentie-
rungsverfahren reicht nur bei einem vollstandig von Stuhl geséduberten Dickdarm aus. Diese
Annahme ist jedoch nicht realistisch, was dazu fihrte daf3 Stuhl nicht von der eigentlichen
Oberflache unterschieden werden kann. Leider sind nicht entfernter Stuhl und Polypen in der
Form sehr &hnlich, so daf3 eine endgultige Aussage nicht moglich ist. Eine mdgliche Lésung
fur dieses Problem scheint die Anderung des Dichtewertes des Stuhls - mit Hilfe eines spezi-
ellen Kontrastmittelcocktails - zu sein. Die zugehdrige Untersuchung dieser Problemlsung
wird in ndchster Zeit vorgenommen.

Zusammenfassung

Die Vorteile der vorgestellten Methode liegen in der hohen Flexibilitdt der Navigation und in
der Einfachheit der Bedienung. Der medizinische Abschnitt der Untersuchung beschrankt
sich auf das CT des Abdomen des Patienten und der Einfihrung von Luft zur Verbesserung
des Kontrastes. Insgesamt dauert dies ca. zehn Minuten und verursacht Kosten von ungefahr
$400.

Nachteilig wirken sich die Beschrankungen durch die CT-Aufnahmen aus, so kann z.B. Stuhl
nicht eindeutig von Polypen unterschieden werden. Au3erdem ist eine Biopsie - eine durch
eine kleine Zange bei der optischen Dickdarmendoskopie entnommene Gewebeprobe - nicht
moglich. Auch die Genauigkeit der sogenannte “virtuelle Biopsie” durch eine Area-of-
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Interest-Selektion ist durch die Auflésung des Computertomographen beschréankt und reicht
nicht an die Auflésung moderner Mikroskope bei der physischen Biopsie heran.

Insgesamt zeichnet sich die virtuelle Dickdarmendoskopie durch eine einfachere Bedienung
und hohe Bildqualitat aus. Insbesonders scheint die unmittelbare Aussagekraft im Vergleich
zur Barium Enema deutlich erhdht zu sein.
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Abstract

Screening of the colon of patients of an advanced age can lead to an early detection of col-
orectal cancer. The current available methods to explore the whole colon are rather difficult in
handling and interpretation, but also of great discomfort to the patient.

In this thesis, we present an alternative method, called Virtual Colonoscopy. After a CT scan
of the abdomen of the patient is performed, a segmentation of the colon from this dataset is
generated. A visibility algorithm, based on a subdivision of the segmented colon, is applied to
compute an interactive fly-through this colon. A camera model, utilizing the guided-naviga-

tion paradigm, guarantees the orientation and the interactivity of the actions of the examiner.
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1. Introduction

Computer Graphic methods have been used for many years in medical applications. Since the
invention of image producing techniques like Computer Tomography (CT) in the early seven-
ties, the popularity of these methods has been on the rise.

In the early days of Computer Graphics, the methods were limited to 2D image processing

techniques to generate and display the slice projections of CT data. Soon, methods of Com-
puter Aided Geometric Design (CAGD) had been introduced; i.e. Vannier et al. used Bezier

curves to support the planning of cranial surgery [VMW83].

Rapid improvements of the processing power of computers and the development of special-
ized graphics hardware have led to a steadily increasing quality. In the late eighties, the simu-
lation of the behavior of human tissue became a growing research field in visualization.
Pieper used Finite Element Method (FEM) to simulate cuts through the tissue of the human
skin to predict the outcome of plastic surgery [Piep92]. In [Wate87] Waters presented a model
for artificial muscle actors and extended it with Terzopoulos to a facial tissue model [WT90].

Bartz used a simplified implementation of this tissue model and Triangular B-Splines
[DMS92] to generate possible visible results of craniofacial corrective surgery [Bart95].
Keeve et.al. used a polygonal-based extension of this model, combined with FEM to improve
the quality of the simulation [KGPG96]. Koch et. al. proposed a similar method for their vir-
tual medicine system [KGCB96].

With the development of Direct Volume Rendering (DVR) volumetric information could be
incorporated into these techniques to increase the accuracy of the results. An early overview
of the techniques in use in medical applications can be found in [FLP89]. Hohne et al. pre-
sented VOXEL-MAN, in which segmented CT/MRI data were combined with an expert sys-
tem to provide an anatomical atlas [HPRS94].

In 1995 Hong et. al. presented an automatic fly-through colonoscopy - using a planned-navi-
gation paradigm - of the Visible Male [HKWV95]. In this system DVR techniques were used

to generate frames of the automatic fly-through. Due to high computational costs it was not
possible to use these techniques for an interactive approach. Lorensen et al. proposed an auto-
matic fly-through endoscopy based on surface rendering and a robot path planning algorithm.
The major drawback of this approach is the calculation of the camera position - in most cases
this position is too close to the colon wall, which limits the view.




1. Introduction

In this thesis we present a prototype for a virtual endoscopy of the human colon (colonos-
copy). Our system is based on the system presented in [HMHK96], with a suitable user-inter-
face, an improved rendering algorithm, and camera model proposed in [HR85]. In contrast to
previous work, our approach is using an interactive, center-path camera model utilizing the
guided-navigation paradigm.

The thesis is organized as follows: In chapter two we discuss the medical issues of this
project; this contains the anatomy of the human colon and a brief description of two medical
procedures for the examination of the colon. Chapter three describes the techniques used in
our system - the new subdivision scheme for the visibility algorithm and some user-interface
issues. Chapter four presents our virtual colonoscopy and a comparison with the optical
colonoscopy. Ultimately, in chapter five, we state our conclusion and discuss future work in
this field.




2.1 Anatomy of the Colon

2. Medical Foundations

The second leading cause of cancer death in the USA is cancer of the colon or the rectum.
Every year approximately 158,000 diagnoses of these kinds of cancers are cited. The annual
incidence of colorectal cancer is the second largest in women - after breast cancer - and the
third largest in men - after lung or prostate cancer. The probability for Americans at the age of
50 of developing colorectal cancer is 1:20, the likelihood of dying from this cancer, is 2.5%.

In many cases, colorectal cancer is discovered after the development of symptoms at a late
stage of the disease. However, early detection and early treatment are crucial for the survival
of patients.

So far, five methods can be used for diagnostic purposes:
» Digital Rectal Examination

» Fecal Occult Blood Tests

* Flexible Sigmoidoscopy

* Barium Enema

» Optical Colonoscopy

These methods vary greatly in terms of safety, ease of performance and accuracy, but only the
latter two methods can be used to examine whmle colon. (A brief description of these
methods can be found in the second section of this chapter.) The following section gives a
brief overview of the anatomy of the human colon.

2.1 Anatomy of the Colon

The colon is part of théarge intesting and begins with thappendixand ends wittthe rec-
tum and theanal canal In total, thelarge intestineis approximately 1.5 m long, the colon
being its largest part.




2.1 Anatomy of the Colon
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Fig. 2.1: From [HR85]: The large intestine

The colon consists of three parts. Tascending colomoughly starts after thappendixand
cecumand continues up to thegght (colic) flexure(Fig. 2.1). After theright flexure the colon
continues with thdéransverse colonit travels across the abdomen to tké (colic) flexure

Fig. 2.2 shows that thdéransverse coloroes not necessarily run straight. In many cases it
runs twistedly from right to left. Thelescending colobegins after théeft flexureand leads

to thesigmoid colonand ultimately to theectum

The ascendingnddescending colonare fixed to thepelvic wall In contrast, théransverse
colonhas more freedom to move; it is only suspendedmerisoneal fold




2.2 Medical procedures
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Fig. 2.2: A patient’s colon - coronal view

2.2 Medical procedures

In this section, we describe two procedures for the examination of the human colon. The goal
of both procedures is to find polyps. Polyps of a size greater than 5 mm have a high probabil-
ity of being malignant.




2.2 Medical procedures

1. Barium Enema

At the beginning of the procedure, barium is introduced into the colon and monitored with
low-intensity x-rays. Thereaftegverheadx-rays are taken from different viewing angles.
Polyps are detected by shape defects of the barium coloring inside the colon.

This procedure is non-invasive and relatively cheap ($400 [HLVK96]). However, it requires
cooperation from the patient and an experienced interpreter. According to the literature, the
sensitivity ranges from 78% [HLVK96] to 80-95% for polyps larger than 1 cm [CBW95].
Additionally, a high dose of radioactivity is introduced to an area close to the reproductive
system.

2. Optical Colonoscopy

The usage of endoscopes as a screening tool for colorectal cancer has been recommended in
medical publications [CBW95]. This method utilizes a fiber optical probe to examine the
colon. For this invasive procedure, the patient must be intravenously sedated and the colon
inflated with air. Associated with the optical colonoscopy is a small risk of perforations of the
colon. Additionally, depending on technical difficulties or patient discomfort, the colon can

not be fully examined, especially the proximal colon. Economically, the optical colonoscopy

is more expensive than the Barium Enema; a trained physician takes about 40 to 50 minutes
to perform this procedure. Costs range between $1,300 and $1,900. The sensitivity of the
optical colonoscopy is above 90%. Section 4.1 presents some visual results of an optical
colonoscopy.




3.1 System Architecture

3. Concepts and Algorithms

In this chapter, after a short overview of the system architecture, we describe the main design
issues of the Virtual COloNoscopy (VICON): the subdivision scheme, the visibility and ren-
dering algorithm, the navigation model and some user-interface issues. The navigation model
was not the focus of this thesis. Therefore, it is only described very briefly. Further discussion
can be found in [HMBK97].

3.1 System Architecture

The VICON system consists of two computer-based stages: the pre-processing stage and the
interactive rendering stage.

Pre-Processing Interactive Rendering

volume || Segment Colon Inside skeleton

and generate Colon

i Skeleton
inside, skeleton
Sl_deivision, Interactive
triangles Renderer
° - Subdivision and — 1™
Triangle generatior A

\iubdivision map volume

inside, skeletop Generate potential field
P . .
potential field

Fig. 3.1: System architecture




3.1 System Architecture

There are three pre-processing steps. In the first step, VICON/seg, all the voxels associated
with the inside of the colon - the inside voxels - are segmented. Due to the inflated air, we
have good contrast between the inside and the outside of the colon. Therefore, it is possible to
apply a simple binary segmentation with a certain isovalue. Additionally, the skeleton of the
colon is generated. The skeleton is a 26-connected line from an inside voxel near the Appen-
dix to an inside voxel near the Rectum. Further description can be found in [HKWV95].

voxel

Fig. 3.2: A 26-connected voxel line segment

In the second step, VICON/sub, the subdivision of the inside voxels along the skeleton is gen-
erated, which divides the inside voxels irgegmentgsee section 3.2.2). Thereatfter, the sur-
faces of the colosegments thecells- are extracted.

Definiton 3.1: A segmentis a subset of inside voxels of the colon. Akkgmentare dis-
junct and the union of allegmentss equal to the inside voxels of the colon.

Definiton 3.2: A cell is the extracted and triangulated surface sfgment.

In the third and last pre-processing step, VICON/p the potential field for the navigation model
Is generated (see section 3.3). The results of all three pre-processing steps are used in the sec-
ond stage, the interactive rendering, VICON/i.




3.2 Subdivision, Visibility and Rendering

3.2 Subdivision, Visibility and Rendering

3.2.1 Overview

During one of the pre-processing steps, we generate a surface of the inside of the human
colon using the Marching Cube algorithm [LC87]. Usually, the number of generated triangles
is very high Depending on the number of voxels of the colon surface, the triangles can num-
ber between a few hundred thousand and more than one millionle®edfor an overview

of some dataset sizes.

Dataset Dimension #Triangles #Cells
Colon of Visible Male 582 x 405 x 254 130,429 40
patient data 3 512 x 512 x 406 774,956 99
patient data 4a 512 x 512 x 181 839,774 89
patient data 4b 512 x 512 x 361 1,277,891 137
patient data 9 512 x 512 x 367 606,249 50

Table 1: Dataset sizes

Most workstations, even SGI's high-performance graphic workstations with Maximpact or
InfiniteReality graphic hardware, are not able to render these amounts of triangles fast enough
to obtain an interactive speed of 10 to 20 frames per second. In order to guarantee an interac-
tive frame rate, we subdivide the whole colon surface into a seegientsEachsegment
(actually, eacleell) is rendered individually, and our visibility algorithm is applied.

3.2.2 The Subdivision Scheme

As mentioned before, the goal of the subdivision is the division of the colon surfasloly-
vision planesnto a set okegmentddeally, each segment has approximately the same size, to




3.2 Subdivision, Visibility and Rendering

guarantee a balanced frame rate. However, in some cases it is not possible, because of the
twisted nature of the colon.

/—, \\bounding box, or
gate

— portal

subdivision plane

Fig. 3.3: Planes, Gates and Portals of the subdivision

In our terminology, we call the intersection of teebdivision planevith the inside voxels of
the colon aportal, a term which is widely used in Virtual Reality to specify the connection
between differentells

Definiton 3.3: A portal is the intersection of theubdivision planevith the inside voxels
of the colonPortals separatsegmentérom each other.

For the visibility algorithm, we use its bounding box as an approximation and cafiate

(seeFig. 3.3.

Definiton 3.4: A gateis the bounding box of portal.

The major design issue is to determine which criteria to choose to find an appropriate subdivi-
sion. We divide our set of criteria into two groups: Mandatory and quality.

Mandatory criteria - these criteria must be met in order to generate a valid subdivision:

» Theportals (not thegateg must not intersect each other. Otherwise, the
distinction between the differeaégmentsvould not be clear.

» Every voxel of the volume which is marked as inside the colon (inside
voxel) must be part of exactly onsegment Otherwise, some voxels
would not be rendered.

10



3.2 Subdivision, Visibility and Rendering

» The skeleton of the colon must not be disconnected. Otherwise, the sub-
division along the skeleton cannot be finished.

Quiality criteria must be met in order to generate a “good” subdivision:

» With respect to the processing time and the quality of the solution, we
have to choose between a global or a local approach.

* The size of thesegmentshould be feasible.

» The subdivision should be effective.

1. Global versus local approach

From the first pre-processing step, we have a 26-connect path through the whole colon; the
skeleton. The examination of the colon is roughly performed along this skeleton. To compute
the subdivision along the skeleton, two approaches are possible: a global or a local approach.

D
skeleton N N+1 N+2 N+3 N+4 N+5
voxel sequence
quality -2 0] 0 -1 m 3
Al
Bi—»
C
A2_>
By

Fig. 3.4: In this example, we have a sequence of skeleton voxels. In the lower
part of the box, the quality measure is specified: Zero is a “good” candidate,
negative numbers are below a “good” evaluation, positive numbers are above a
“good” evaluation. ‘(1) is invalid.

A: We move forward in our sequence, B: We skip an invalid candidate (accord-
ing to mandatory criteria), C: We accept a “good” candidate, D: We go back to
an older candidate

11



3.2 Subdivision, Visibility and Rendering

The complexity of a global approach computing an optimal solution is of a non-deterministic
polynomial nature. For this reason, we choose the more practical local approach, which uses
heuristics to compute a “good” solution.

Basically, we move along the skeleton path (6@ 3.4 and look for a possiblsegment
boundary which suffices our quality criteria (A). During our walk along the path, we assume
a certain linearity, so that treegmentslo not become smaller while moving towards the end
of the path (N+3, N+5). However, local corrections are possible - if we pass a skeleton voxel
which is worse than an earlier one {AB,), we go back to the earlier candidate (D), which
might be better than the current candidate.

2. Feasiblesegmensizes

One problem of the subdivision is deciding whethaegmenhas a feasible size. In this the-
sis, three methods are discussed: two heuristic methods and one analytic method.

Number of Surface Voxels

This heuristic depends on the number of surface voxel of a candidateségnaentThe basic
assumption is that the number of triangles - which will be generated after the subdivision - is
related to this number of surface voxels. It turns out that this method generates fairly good
subdivisions Segmentsvith a larger number of surface voxels have a larger number of trian-
gles, and vice versa.

Number of Inside Voxels

Similar to the previous method, this method depends on the number of inside voxels of a can-
didate. As presumed, the results are similar; a larger number of inside voxels is associated
with a larger number of triangles actually generated.

#Segments / Average #Triangles
iy . ] Standard
Method specified #triangles per per cell: L
: deviation
#segments cell max / min
Surface Voxels 402/ 3,233 8,449 /861 406.89
Dataset: Visible Male 50

Table 2: Size distribution of subdivision schemes
(The triangle-based method is not implemented.)

12




3.2 Subdivision, Visibility and Rendering

#Segments / Average #Triangles Standard
Method specified #triangles per per cell: s
: deviation
#segments cell max / min
Inside Voxels 502/ 2,669 8,449 / 830 387.29
Dataset: Visible Male 50
Surface Voxels 772/ 10,747 471,48 | 826 181.62
Dataset: Patient 4a 100
Inside Voxels 892/ 9,401 47,148 /1,836 312.24
Dataset: Patient 4a 100
Surface Voxels 372/ 16,121 188,823b /935 2,320.08
Dataset: Patient 9 50
Inside Voxels 452/ 13,375 188,823b /935 2,512.64
Dataset: Patient 9 50

Table 2: Size distribution of subdivision schemes
(The triangle-based method is not implemented.)

a. For both methods, the same numbesegfimentsvas specified.
b. This large number of triangles is due to a part of the colon, where the skeleton path started later.

The second method produced a better controllable subdivision for all examined datasets - the
number ofsegmentss closer to the specified number ségments than did the first one.
Although, the statistical data suggested a better quality of the first method. A further exami-
nation was inconclusive; both methods generated a feasible subdivision.

Number of Triangles

This method is the only precise method, because the number of triangles can be directly bal-
anced. Unfortunately, this method is computationally very expensive; for segrpentan-

didate the triangles for the surface must be generated by a surface extraction algorithm, such
as Marching Cube. This approach would greatly extend the execution time for a large dataset
(patient 4a), which already takes about one hour. The expected improvement of the subdivi-
sion, using this method, does not justify the usage of this time-costly method.

13



3.2 Subdivision, Visibility and Rendering

3. Effective subdivision

Besides the control over tleegmensize of a subdivision, its effectiveness is very important.
In this section, we examine three methods to generate an effective subdivision.

Skeleton Tangent

In this first implemented approach, thertal is generated with respect to the local tangent of

the skeleton. After the calculation of the tangent in the neighborhood of a few adjunctive skel-
eton voxels, the component with the largest absolute value is chosen as the specification of
theportal: i.e., if the x (or first) component is the largest, we chooperal parallel to the Y/

Z plane.

The results of this subdivision were unusable. The local tangent is very sensitive to local dis-
turbance of the skeleton, especially when the skeleton is 26-connected. This

— regional tangent

N

/

local tangent

n

Fig. 3.5: A local correct, but regional incorrect tangent

resulted inportals which were parallel to the overall direction of this region of the skeleton
and therefore, unusable. An extension to a regional tangent leads to the problem of establish-
Ing criteria to decide when a tangent becomes too global or too local.
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3.2 Subdivision, Visibility and Rendering

Portal Size

This method takes into account the number of voxels which are part pbtt@l. The heuris-
tic behind this method is that it is likely that a largertal is parallel to the regional direction
of the skeleton and a smalbrtal is rather perpendicular to the skeleton.

However, it turned out that this method generates long and narootals of small size but of
an orientation parallel to the regional skeleton direction.

Gate ratio

The final method we present is dependent on the ratio of the length of the spanning sides of
the gates(bounding boxes of thportals). Ideally, this ratio should be close to one to yield
gateswith a shape nearly square. It turned out that this method is a very robust scheme to
compute the subdivision of the colon surface. In all examined datasets, the ratio to compute a
“good” subdivision could be narrowed to the interval [0.7, 1.5].

skeleton ate

Fig. 3.6: A subdivision of dataset patient 9

Fig. 3.6shows a typical subdivision; thgateand the skeleton of the colon are visualized. In
Fig. 3.7, in addition togatesand skeleton, the inside voxels of the volume are rendered trans-
lucent. The absence of gates at the start and the end of the colon is due to the fact that the

15



3.2 Subdivision, Visibility and Rendering

skeleton does not start immediately at the beginning and terminates long before the actual end
of the colon surface. This explains the high maximum valuekaim 2of 188,823 triangles,
although the subdivision ifab. 2is not the same as the subdivisiorfrig. 3.6or Fig. 3.7.

However, a usual subdivision of a dataset of this size (about 600K triangles) would consist of
about 8G6segmentswhile here we see about 8gments

skeleton end

skeleton star. e colon inside

Fig. 3.7: Dataset patient9, with translucent inside voxels
(The gates at C are intersecting, not the portals themselfes.)

A general problem of the subdivisions is that we only gateswhich are parallel to the three
main planes of the cartesian coordinate system. This results in the inability to cgsetEra

a turn of the colon (seEig. 3.7, A); we would get a non-effective subdivision which is not
perpendicular to the colon direction. Another problem is the mandatory intersection rule; we
cannot generateortal at point B, because thortal would intersect th@ortalsat C inFig.

3.7.
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3.2 Subdivision, Visibility and Rendering

subdivide(skeleton)
start first skeleton voxel; mode = go;
best_candidate = not_available;

od;
if candidates are_available then

else if possible candidates is_too_large then

select mode:
go: go to next_voxel;
accept_next: if mode best candidate is_available then

tceles ;

while not_end_of skeleton do
planes i = xy, yz, zx plane do
generate portal p i atvoxel in plane i;
if p; suffices_mandatory_criteria then
if p; suffices_quality_criteria then

storep ; as candidate;
else if p i is_better_than best_candidate then
best _candidate = p i
fi ;
store p i as possible_candidate;
fi ;
fi ;

accept best_of them;
mode = go;

mode = accept_next;
fi ;

3

go to best_candidate;
else stay at_this_voxel;
fi ;

Algorithm 3.1: Subdivision along the skeleton

17



3.2 Subdivision, Visibility and Rendering

Algorithm 3.1 describe the subdivision scheme. Basically, we move along the skeleton and
try to find a portal which suffices our mandatory and quality criteria. As soon as we know that
we do not find a better portal, we accept an older one. If we do not have an older one, we
accept the next portal we find.

3.2.3 The Visibility and Rendering Algorithm

Once the subdivision is generated, we can render the colon surface using our visibility and
rendering algorithm. The essence of this algorithm is published in [HMHK96]callk of

the colon are ordered in a sequential list with respect to their position along the skeleton of
the colon.

left cell —v

E N cell i cell i+1 cell i+2 N

current cell 44 ‘— right cell

Fig. 3.8: Cell order

The algorithm in 3.2 describes the visibility check for the neall, seen through itgate
between the previous and the negll. This algorithm is only applied on theellswhich are
preceeding or succeeding the curregit - which contains the current camera position.

bool is_visible(next_cell, previous_gate)
calculate position of gate of next_cell;

if gateis_degenerated then return FALSE;
if gate is_not_intersecting_with
previous gate then return FALSE;
if gate is_behind view point then return FALSE;
if color_buffer has_no_empty_spots then return FALSE;

else return TRUE;
end;

Algorithm 3.2: Cell visibility check

18



3.2 Subdivision, Visibility and Rendering

After calculating the projection of thgatesof the nexicell, we check if thegateis not degen-
erated, that is, if it is still a quadrilateral. If tigateis not intersecting the previogste it is
not visible and all behind thigateis not visible. Therefore, we discard everything behind it.
If the gateof the nextcell is behind our view point, we discard thigll because it is not visi-
ble from this view point. If it is in front of our view point, we proceed with our check.

Finally, we check whether the color buffer still has some “empty spots”, that is, areas which
are not filled by a renderezkll. If there are some “empty spots”, the followingllsmight be
visible; otherwise, they are not visible.

gate i+4

camera path

cell i+3

Fig. 3.9: Cell-visibility-check

In Fig. 3.9, the current camera position/view point is é¢ell i. Gate i (previous gate) and
respectivelycell i-1 are behind our view point. Gate i+1 is the gatecefl i; gate i+1 is not
degenerated and has a non-empty intersection with gate i. Furthermore, gate i+1 lies in front
of our camera. Suppose the color buffer in our example still has some spots which are not yet
rendered. For these reasoasll i+1 is visible, and probably the same is true éetl i+2. The
visibility of cell i+3 is strongly dependent on the view point. From the current view point i
our example, it is likely thatell i+3 is not visible. However, gate i+4 is not intersecting with
gate i+1. Thereforesell i+4 is not visible.
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3.2 Subdivision, Visibility and Rendering

Algorithm 3.3 describes the general rendering algorithm forclés of the colon. We start
adding thecell which contains the current camera position toedl queue. All neighboring
cellsare added to the queue and are rendered, depending on their visibility and on their ren-
der-state; for further checking, the render-state must be inconclusive. The inconclusive mark
Is necessary to prevent loops, while the queue contaitsin both directions (right and left).

Forall frames do
init queue and mark all cells as inconclusive;
calculate current_cell of current camera

position;

add current_cell to queue and mark current_cell
as visible;

while queue is_not_empty do

read first_cell from queue;
get left_ and right_neighbors of first_cell;

if left_cell is inconclusive and
is_visible(left_cell,gate_of current_cell)
then add left_cell to queue;

mark left_cell as visible;
else mark left_cell as not_visible;
fi ;
if right_cell is inconclusive and
is_visible(right_cell,gate_of current_cell)
then add right_cell to queue;
mark right_cell as visible;
else mark right_cell as not_visible;
fi ;
remove first_cell from queue;
od;
od;

Algorithm 3.3: Colon check and rendering

20



3.2 Subdivision, Visibility and Rendering

In Fig. 3.10the algorithm starts with the initial rendering and markingecefl i+1, the cell

with the current camera position/view point. Thereafter, we proceed with the cell-visibility-
checks (algorithm 3.2) of the adjunctieells celli+2 andcell i. Both are marked as visible or
non-visible. Supposing the view direction is towaoddl i+2, the check of theellsto the left

of cell i+1 (cell i, cell i-1) will stop aftercelli. It only proceeds in direction afell i+2, until

the cell-visibility-check fails.

A EEn cell i cell i+1 cell i+2 "

first cell from queue J

B EEn celli+1 | celli+2 cell i+3 "R

first cell from queue #

visible or
non-visible
C . . .
'R cell i-1 cell i cell i+1 mEan
inconclusive
L first cell from queue

Fig. 3.10: Colon check: A initial step, B and C succeeding steps
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3.2 Subdivision, Visibility and Rendering

3.24 Results

In this section, we present some rendering results of our Subdivision-, Visibility- and Render-
ing algorithm.

Total Average Average Cellratio / Average
Datasets #Triangles/ | #cells per #Triangles ; . g
Triangleratio | Frame rate
#cells frame per frame
Colon of the 130,429/ 13 39,100 0.33/ 14.64
Visible Human 40 0.3
Patient 3 774,956 / 15 131,132 0.15/ 12.52
99 0.17
Patient 4a 836,774/ 4 45,948 0.04/ 17.12
89 0.05
Patient 4b 1,277,891/ 10 158,640 0.07/ 9.64
137 0.12

Table 3: Rendering results @

a. The data in this table are measured on a SGI Challenge with IR-graphics using one R10000
processor.

Table 3 contains the results of the measurements of four different datasets. Each of the data-
sets varies in size and granularity of the subdivision. Overall, we can observe that we
achieved loss-free triangle reduction rates between 3.3 and 20. Directly associated with the
reduction of triangles is the rendering speed and the frame rate. In any case, the dataset of the
visible male is special; due to the different data aquisition, we obtained an already small num-
ber of triangles and a not very twisted colon. This led to a less successful performance of our
visibility algorithm.

However, the right balance betweeall size and number ofells is important; if thecells
become too large, the render-overhead for non-visible parts aklhdeteriorates the render-

ing time. In cases of a large number of sn@lls the number of costly visibility check will
increase (patient 3, patient 4b). The reason for the high frame rate of the dataset patient 4a lies
in the successful application of the visibility algorithm; a triangle reduction rate of 20 was
obtained.
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3.3 The Navigation Model

3.3 The Navigation Model

Most of the proposed navigation models for virtual endoscopy systems plaarged- navi-
gationmodel. The flight path and the view direction for each frame is computed before the
actual rendering. Any interaction is generally reduced to VCR-like functionality: Forward,
Backward, Stop. Although this model is sufficient for an overview of the segmented data, it is
not sufficient for a closer examination of the data because of the following reasons:

» Many data features are not visible from the pre-computed view point and
view direction. Therefore these features will not be detected during the
“flight” through the data.

* A closerexamination of a “suspicious” area is not possible.
These limitations drastically reduce the usability of the system.

Complete freedom, however, in using the camera leads to severe orientation problems. The
very twisted nature of the colon makes an orientation difficult. An inexperienced user can get
lost easily.

In [HMHK96] an interactive navigation model is proposed, which adopts the paradigm of the
guided-navigationThis paradigm gives the user the flexibility to interactively examine an
area of the colon, but guarantees an orientation in the case of no user-interaction. The concept
is based on theubmarine modeinspired by the movie “Fantastic Voyage” [Flei66]. In this
movie, a micronized submarine dives through the blood vessels of a human body. Like this
submarine, our camera model is “diving” through a human colon.

Two major components control tlgeiidedmovement of the camera: the attractive force - or
potential hill - to the appendixand the repulsive force of the colon wall. These forces are
coded in a set of kinematic rules and irpatential fieldwhich is pre-computed during our
third pre-processing step.

Fig. 3.11 gives an overview of the idea of thmtential field The appearance of the used
potential fieldscan be seen ifkig. 3.12andFig. 3.13 the attractive force is computed out of
the distance_from_exitHg. 3.12, the repulsive force out of the distance_from_boundary
potential field(Fig. 3.13.

Further discussion of the navigation model can be found in [HMBK97].

1. Like the blood stream in our submarine analogon.
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3.3 The Navigation Model

(d)

Fig. 3.11: From [HMHK96]: A: The topology of the colon. B: The submarine moves along the
colon to the target, with respect to the potential hill. C: The potential field prevents the break
through the colon wall. D: By applying a user specified force (direction), the user can move

against the potential hill.

Fig. 3.12: The distance_from_exit potential field

24



3.4 The User-Interface

Fig. 3.13: The distance_from_boundary potential field

3.4 The User-Interface

One of the most critical issues in medical applications is a for physicians appropriate user-
interface. Often, physicians are very sceptical about the usability of a new computer-based
system. If this system does not sufficiently meet their needs or does not resemble already
known technology, it may not be accepted. In our system, we developed a user-interface
which - besides some advanced features - tries to simulate the “look and feel” of an optical
colonoscopy. The VICON/i user-interface is constructed out of three main components, the
main view Fig. 3.14, the slice projectionFig. 3.19 and the coronal projectiofi@. 3.19.

The main view contains the primary rendering area, which provides the ‘endoscopic view’
and the navigation control. In addition to the surface rendering, we have implemented a vol-
ume rendering algorithm, based on the PARC algorithm [ASK92]. We calculate the starting
point of each ray from the corresponding z-value in the depth buffer, generated by the surface
of the colon. The start point can be manipulated by a slider; we can choose a starting point
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3.4 The User-Interface

before or below the surface. This method, which we call peeling, simulates a virtual biopsy to

examine the tissue below the surface.

| Patiant; Lewis, Phil |
Dhay of birth: =not spseecifind> e
Hospitsl ID: oms |

camera control u-uh|

Fig. 3.14: VICON/i overview: The main view

patient data

render area

skeleton of colon

haustra

view control

26



3.4 The User-Interface

Sagatal alies: 163

Coranal slice: 147

Trarivaiae slicn: 47

Lismiss backbone

. _— full resolution projection
half resolution projection of the three planes of transverse plane

Fig. 3.15: VICON/i overview: The slice projections window

The second component of the user-interface, the slice projections, shows three orthogonal
slices of the volume dataset - the sagittal, the coronal and the transverse slice, which are com-
mon in Radiology - at the current view point in half resolution. A full resolution slice can be
shown, triggered by a mouse click on the corresponding half resolution slice. Additionally,
the current view point is displayed in all slices.

Finally, the coronal projection provides an overview orientation of the colon. In contrast to
traditional optical colonoscopy, which uses an uniform anatomy-textbook-like diagram of the
colon, this projection is an accurate representation of shape and dimensions of the patient’s
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3.4 The User-Interface

colon. Markers can be placed to mark a point of interest at the precise locations of polyps or
other interesting structures.

Diiban e fros adl s 300,68 mim, - distance measure

coronal projection of colon

- —

position marker

feature marker
(red, yellow and green)

I ] vesow i

=L interaction buttons (for markers)
Load Markers| Save Markers| Marsrsinio|

Fig. 3.16: VICON/i overview: the coronal projection

Similar markers of the optical colonoscopy (see
Fig. 4.1) are not precise and can only be seen as
rough approximations to the real locatiofid.
3.17). In contrast, the markers ifig. 3.16are -
within a small error tolerance - accurate and reflect
the real locations of the markers in the same datase
as inFig. 3.17

Fig. 3.17: A general diagram of a colon,
generated by an optical colonoscopy
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4.1 A Optical Colonoscopy
4, Two Methods for a Colonoscopy

In this chapter, we present two different methods for the exploration of the human colon. In
first section we present in addition to section 2.2, some visual results of the optical colonos-
copy of the same patient, who is subject of the virtual colonoscopy, presented in second sec-
tion of this chapter.

4.1 A Optical Colonoscopy

LNIVERSITY HOSPITAL

- e T

Fig. 4.1: Images from a optical colonoscopy
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4.1 A Optical Colonoscopy

Fig. 4.2: A polyp, detected by an optical colonoscopy

TheFig. 4.1 andFig. 4.2 show images from the optical colonoscopy. The first image shows
four different views from the endoscope; the first view is at the end (respectively star) of the
colon near the appendix. The second view shows a polyp in the ascending colon. The third
and fourth view show shape anormalities called diverticulum, which are “holes” in the colon

wall. A close-up to a polyp in an area close to the rectum - in the sigmoid colon - can be seen
in Fig. 4.2
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4.2 A Virtual Colonoscopy

4.2 A Virtual Colonoscopy

In this section, we present the results from the performed virtual colonoscopy. Note, this data-
set is scanned from the very same patient, who underwent the optical colonoscopy of section
4.1.

Fig. 4.3gives an overview of the examined dataset. We have set four marks, which represent
areas of interests (AOIs). The views, associated with these marks and generated by the virtual
colonoscopy, can be seenFigy. 4.4andFig. 4.5

In contrast to the general colon shape of the optical colonoscopy (right si€ig.of.1and

Fig. 4.2, the real shape of the colon of the patient is generated by the virtual colonoscopy.
Additionally, the precise position of the suspected polyps with the correct distance from the
reverence point (start point or end point of the skeleton, usually associated with the rectum
and the appendix) is represented in the marker information. This is a great aide for the physi-
cians, who are performing the surgery to remove polyps. Finally, the current position and the
view direction of the view point is shown.

The view at position marker B, can be seerFig. 4.4 this view represents a typical view
inside of a human colon. The folds in the colon wall, haustras, are responsible for the wavy
shape of this wall. In the same figure, on the right side, a shape abnormality can be seen. This
abnormality could not be associated with a polyp of the optical colonoscopy. Therefore, it can
be either an undetected polyp or stool.

Fig. 4.5shows two different views of an interactive fly-through. In both views, we see a shape
anormality, which are suspected to be polyps. The positions are approximately the same,
where the optical colonoscopy discovered polyps; the polyp in the left image, marker A,
seems to be the same polyps afig. 4.2 The right image, marker C, is at the approximated
position of the polyp, shown ifg. 4.12].

Views from a different dataset are shownhkig. 4.6. We see a polyp in the dataset of the
colon of the VisibleMale. On the left side, we see the surface representation of this view. On
the right side, we can see a volume-rendered view overlaid with the surface representation.
The shape of the polyp is visible in the purple color.
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marker A,B,C and D

current position and
view direction

Fig. 4.3: Overview

haustra polyp or stool

Fig. 4.4: Two views from the virtual colonoscopy; at marker C and D
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4.2 A Virtual Colonoscopy

suspected polyp suspected polyp

Fig. 4.5: Two views of polyps: Aand C

.

Fig. 4.6: Example of volume rendering
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4.3 Discussion

4.3 Discussion

In the preceeding sections, the optical and the virtual colonoscopy have been described.

Shortly, a clinical evaluation will investigate the usability and the accuracy of the virtual
colonoscopy system. However, early experience with our clinical partners of the Radiology
are already available.

The handling of an optical endoscope and the orientation through the visual system of this
endoscope is very difficult. Physicians are trained for a couple of years until they are able to
operate successfully with this instrument. Our partners do not have this kind of training,
which led to problems interpreting the optical colonoscopy, especially the current position,
with the virtual colonoscopy. Nevertheless, they were able to use our system in less than half
an hour. Although this in no proof of the usability of the system, it is promising.

A major challenge is still the segmentation of the data of the colon. The currently used binary
segmentation is only sufficient for a completely clean colon. The appearance of stool inside
of the colon, a very natural and common event, can not be distinguished from the actual sur-
face. Unfortunately, the shape of not removed stool is close to the shape of a polyp. There-
fore, a final statement whether this object is a polyp or stool is not possible. However,
different methods to change the density values of the stool - with respect to the CT scan -
seems to be possible. A closer investigation of this problem is on its way.
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5. Conclusion and Future Work

5.1 Conclusion

In this thesis, we have presented an interactive virtual colonoscopy system, based on data
extracted from a CT scan of the abdomen of a human body.

The interactivity of the system is based on a subdivision of the extracted surface of the colon
dataset into cells. Based on this subdivision, a visibility check is applied to reduce the amount
of triangle.

Several methods for this subdivision were investigated:
» a global versus a local approach
* three methods to decide whether a segment has an appropriate size
* three methods to generate an effective subdivision
It turned out that a combination of some of these methods generated feasible results.

1. We use a combination of a local approach and a limited correction ability to compen-
sate for problems due to the unavailable global knowledge.

2. The heuristic using the number of surface or inside voxels of a segment to estimate the
amount of triangles produced good results.

3. The ratio of the edges of the gates turned out to be a good criterion to decide whether
the portals are perpendicular to the regional colon direction.

Depending on the size of the segments, respectively the cells, and of the general shape of the
colon, the application of the visibility algorithm resulted in a high reduction rate of up to
1/ 20. Only because of this reduction rate, was an interactive rendering of the colon possible.

An important issue of our system is the camera model, utilizing the guided-navigation para-
digm. By default, the camera is controlled by the submarine model, which leads the camera
along an center-path of the colon. At any time, the user can interactively manipulate the cam-
era position and direction in order to focus the examination of the colon to a special part. This
model combines the advantages of a planned-navigation and total-free navigation without
their drawbacks. In practice, it shows a highly intuitive interaction, which quickly allowed our
clinical partners to use this navigation model.
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As segmentation method for the colon, a simple binary scheme is used. This is possible
because of the strong contrast between the tissue of and behind the colon wall, and the air
inside the colon. Although this scheme works reasonable well, it is not possible to differ stool
from tissue; in some cases, a piece of stool can look like a polyp. Currently, different methods
are investigated to change the density values of stool in order to differentiate it from tissue.

In addition to this problem, the density values of the polyps are very close to the density val-
ues of the usual tissue. Therefore, polyps can only be differentiated from this tissue by their
shape.

5.2 Future work

Our future work can be divided into three groups:
* Solving existing problems
» Improving the rendering quality and extending functionality
» Extending the concept to other hollow organs/visceras
In this section, we will address several challenges coming from these groups.

(1) As mentioned in the previous section, the segmentation of stool is a major issue for
future work. The current assumption that the colon is completely cleaned of stool, is only
an approximation of the actual situation; although the patient’s preparation includes the
cleansing of the colon of stool, it is usually not totally clean. To deal with this problem,
the density values of the stool must be changed, in order to be able to segment it from the
tissue.

(2) A similar problem is the segmentation of polyps. Currently, this is not possible, because
the polyp’s density values in the CT dataset are not distinguishable from other tissue.
Whether filter techniques like histogram equalization can solve this problem is yet
unknown. However, using MRI data - instead of CT data - might solve this problem. An
investigation of this approach is a major issue of the future work.

(3) An important issue is an investigation of the clinical relevance of the virtual colonoscopy.
Therefore, a clinical evaluation of this method is necessary, especially in comparison
with the optical colonoscopy.

(4) Currently, all the subdivision planes are parallel to one of the three main planes of the car-
tesian coordinate system. This leads to the problem that subdivision planes can fre-
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guently not be generated in a twist of the colon; an orthogonal plane would be parallel to
the colon direction rather than perpendicular (see plane Agn5.1). Additionally, the

plane could not be created shortly after the twist because the corresponding portal would
intersect the earlier generated portal (see plane B in Fig. 5.1). This problem can be
solved, applying a non-perpendicular subdivision plane. However, this would involve a

3D scan conversion which is more expensive than the currently used simple orthogonal
scan conversion.

invalid subdivision
planes

colon wall

/ /B valid subdivision planes

Fig. 5.1: Problems of the subdivision

(5) An important part of the optical colonoscopy is the possibility of taking a tissue sample,
using a small forceps which is introduced via the tube of the endoscope. Using this tissue
sample, a histological examination, conducted by a pathologist, can be performed. A
similar technique, a virtual biopsy would be useful in a virtual colonoscopy system.
However, a closer examination of the virtual tissue sample is limited to the resolution of
the CT scan. This resolution is corser than the resolution of a microscope, used in the his-
tological examination. Therefore, the virtual biopsy is not as usable as the real biopsy.

(6) In the current system, a volume rendering component is implemented, using a peeling
technigue to examine voxels of the tissue below the surface. The development of mean-
ingful transfer functions to visualize the relevant information is necessary. Furthermore,
using the volume rendering as the basic rendering technique would improve the image
quality. The multiprocessing ability of the available system - a SGI Challenge with 16
processors - would increase the frame rate, compared to the currently used single proces-
sor configuration.

(7) The technology of a virtual colonoscopy system is not limited to examinations of the
colon. In [LJK95], several other applications are presented. Especially, the explorations
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of the stomach, the major blood vessels - i.e. the aorta -, the thorax, the abdomen and

other hollow organs seem to be promising. However, different problems will be encoun-
tered while exploring other organs:

» The blood vessels are usually smaller than the colon and complex network of single

tubular segments. This is a situation which requires a different subdivision than the cur-
rent used subdivision.

» The stomach is not a tubular organ. Therefore, the effectiveness of the presented visibil-
ity algorithm is limited.

» The exploration of caverns of the body - like the thorax or the abdomen - makes a whole
new segmentation and structure of the system necessary.
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Appendices

A Class Structure of VICON/i

For the interactive part of the virtual colonoscopy system, VICONY/i, several objects were
implemented. For this system, we utilized the object-oriented software paradigm of commu-
nicating objects. Each of these communicating objects has its encapsulated data and its meth-
ods to manipulate this data. An overview of the interaction of objects can be fotrngl .2

The main interacting objects are:

» User-Interface - switches, sliders and buttons of the user-interface are implemented in
this object. This object is communicating with the Render object and with the Camera
Model to operate according to the parameters specified in the user-interface.

» Render - This object contains all the rendering routines for the fly-through. The follow-
ing objects are children of the Render object, but not sub objects.

» Colon Projection - This object manages the Colon Projection window. The updates of
the current position and direction of the view point are provided by the Render object.
After a marker action redraws and new views are notified to the Render object.

« Slice Projection - This object displays the three orthogonal planes of the volume at the
current view point. A pointer at the current view point with the current view direction is
drawn.

» Volume Rendering - This object uses an implementation of a depth buffer based ray
casting to generate a view of the volume.

» Camera Model - The position and the direction of the current view point, with respect to
the navigation, is computed by this object. A new view, due to a marker action of the
Colon Projection, can be passed via the Render object. Additionally, this object admin-
istrates the potential fields, which are hidden from the other objects.

In addition to these objects, which are only used in VICON/i, are several other programs.
These programs are responsible for the pre-processing stages, described in section 3.1.
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Fig. 5.2: Data flow of VICON/i

B File Structure of the Virtual Colonoscopy System

Throughout the system, several files are used to specify the boundary conditions of the fly-
through. In this section of the appendix, we describe these files.

* slc - Besides the actual volume, this files contains information about the dimension of
the dataset. The voxel number and the voxel sizes are provided to generate the view
matrix. This file is used by the VolumeRendering and the Render object.

» mesh - The files in this directory specify the strips of the triangulation of the extracted
colon surface. The strips can be processed by either GL or OpenGL. This file is only
used by the Render object.

« ske - This file contains the skeleton voxels which are used by the several pre-processing
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steps (see section 3.1 for more information) and the rendering of the skeleton itself. It is
used by the Colon Projection and Render objects.

* ins - This file contains the indices of the voxels which are classified as colon. It is used
for several pre-processing steps, but not in VICON/i.

* cpt - This files contains the distance or potential fields, which are only used by the Cam-
era Model to compute the current view point.

« info - This files contains information about the patient and is used by the User-Interface
object.

» sub - This file contains information about the subdivision, especially the position and
dimension of the gates, which are necessary for the visibility algorithm in the Render
object.

» prm - This file specifies the parametrization of the algorithm to generate the subdivi-
sion.

» markers - This files specifies the color and the position of the marker(s) of the last saved
session. The Colon Projection object generates and uses this file.

* map - This file contains all the indices of the voxels which are associated with the dif-
ferent segments of the subdivision. It is only used for the generation of the potential
fields.

* CORO, TRAN, SAGI - are the files with the three complete projections of the colon
surface. The CORO file is used in the Colon Projection object to render the actual shape
of the colon. The other files are currently not used.

The files ins, prm and map are only used in the several pre-processing stages of the system,
VICON/seg, VICON/sub and VICON/p. Although this pre-processing stages are important
steps of the presented system, only the subdivision step - VICON/sub - is described in section
3.2. Further information can be found in [HKWV95] and [HMBK97].
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