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Abstract 
 

We have developed a virtual colonoscopy system aiming toward mass screening for polyps through 
the entire colon.  This work reviews the key technical components of the system. 
 
Introduction 
 
Colorectal carcinoma is the second leading cause of cancer-related deaths among men and women in 
the United States, following lung cancer, with 56,000 deaths reported in 1998 and an estimated over 
130,000 new cases per year [21].  Unfortunately the symptoms of colon cancer, such as anemia and 
change in bowel habits, are neither sensitive nor specific.  Diagnosed cancers are often in the later 
stage of development, resulting in a high mortality incidence.  Most colon cancer probably arises 
from polyps, which can take 5 to 15 years for malignant transformation.  Recent studies have shown 
that screening of colonic polyps can reduce the mortality rate from the cancer.  Optical colonoscopy 
and barium enema are the two most commonly used diagnostic procedures.  Other tools include fecal 
occult blood testing (which detects only 30-40% of colorectal cancer and 10% of adenomas) and 
sigmoidoscopy (which fails to detect lesions in the proximal colon, where 40% of all cancers occurs, 
and misses 10-15% sigmoid colon carcinomas [5, 10, 15, 37]).  While optical colonoscopy is 
accurate and can biopsy detected polyps, it is expensive ($1,800), invasive (requires scope insertion), 
uncomfortable (colon washing and sedation required), time consuming (hours), and carries a small 
risk of perforation and death (colonic perforation in one in 500 to 1000 cases and death in one in 
2,000 to 5,000 cases [29]).  It fails to demonstrate the entire colon in 10-15% of the cases and thus 
misses 10-20% of the lesions [10, 15].  Barium enema is less expensive ($400) and non-invasive, but 
it is less accurate (less than 78% sensitivity in detecting polyps of size from 5 to 20 mm diameter 
[28]), more time consuming, and requires a good deal of patient positioning and cooperation when 
X-ray radiographs of the colon are taken at various views.  An accurate, cost-effective, non-invasive, 
comfortable procedure for mass screening of colonic polyps with a size less than 1 cm in diameter is 
extremely valuable, since the detection and removal of these small polyps will totally cure the 
patient. 
 
Since 1994, several pilot studies [16, 19, 23, 31, 34, 39] evaluating the feasibility of virtual 
colonoscopy as an alternative means for colon screening have motivated a great amount of research 
interests ranging from image formation, and segmentation, to visualization [1, 3, 10, 11, 13, 20, 22, 
26, 27, 32, 33, 38].  This alternative means utilizes computer virtual-reality techniques to navigate 
inside the reconstructed three-dimensional (3D) colon model created from computed tomography 
(CT) or magnetic resonance (MR) images, looking for polyps.  It starts with a bowel cleansing 
procedure, similar to that used in conventional optical colonoscopy, and is followed by inflating the 
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colon with room air or CO2 gas --- if CT modality is utilized --- introduced through a rectal insert.  
Abdominal images are then taken in seconds (by breath holding) with sub mm resolution in both 
axial and transverse directions and with excellent image contrast between the colon wall and the 
lumen filled with air.  Image segmentation is necessary for construction of a clean colon model.  A 
successful image segmentation depends on the bowel preparation.  Computer graphics is used to 
navigate through the 3D colon model.  A user-friendly interactive navigation is desired to inspect 
local suspected areas.  Due to the object length, a computer aided detection (CAD) means may speed 
up the screening of polyps through the entire colon. 
 
For the purpose of mass screening, the bowel preparation must be easy and tolerant.  The 
construction of the colon model shall be fully automated.  The navigation through the colon model 
must be fast and cover the entire colon inner surface.  This work reviews the key technologies 
necessary for virtual colonoscopy to become a mass screening modality. 
 
Description of Key Technologies 
 
Key technologies are described below in a task specific order for performing a virtual colonoscopy: 
 
(1) Bowel Preparation Protocol 
 
Bowel preparation has been a major obstacle for both virtual and optical colonoscopy becoming a 
mass screening modality.  The conventional bowel preparation requires ingesting a large quantity of 
liquid in the evening to physically wash the colon before the colonoscopy [2].  For virtual 
colonoscopy, we have created an alternative to the conventional bowel washing procedure by 
utilizing image segmentation techniques on the CT images for electronic colon cleansing [7, 22]. 
 
Our bowel preparation includes a high fluid, low residual diet for two days with contrast solution of 
250 cc barium sulfate suspension (2.1% w/v, E-Z-EM, Inc.) mixed with the diet.  A 120 ml of MD-
Gastroview (diatriuzoate meglumine and diatriozoate sodium solutions) in equal 60 ml amounts is 
ingested during the evening and in the morning before the CT scan.  Magnesium citrate and 
bisacodyl tablets are given to liquefy the stool and a suppository is taken to empty the rectum and 
sigmoid colon.  The goal of the contrast solutions is to enhance the image intensity of the stool and 
liquid to enable electronic removal by image segmentation techniques [22].  This electronic colon 
cleansing has been evaluated using healthy volunteers with multiple CT scans [7]. 
 
Our protocol is extended by the addition of a magnesium citrate laxative, bisacodyl tablets and a 
suppository for physical colon washing in the evening before CT scan in order to compare the results 
with optical colonoscopy by patient studies.  The enhanced residual stool and fluid are then the 
targets of our image segmentation techniques [7, 22].  Optical colonoscopy is performed following 
the virtual procedure. 
 
(2) Image Acquisition Protocol 
 
It is well known that a conventional (non-spiral) CT samples the transverse field-of-view (FOV) by 
both detector element size and angular increment.  The transverse image resolution can be less than 
0.5 mm by currently available imaging protocols.  However, the sampling along the rotation axis is 
limited by the collimation gap or axial detector element size, resulting in an axial image resolution 
larger than clinically desired.  Pushing for a narrower collimation gap will require a longer 
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acquisition time, resulting in motion artifacts and more radiation to the patient.  Spiral CT improves 
the axial sampling without sacrificing the acquisition speed [3, 11, 37].  During a completely angular 
sampling with M projections evenly spaced on 180o degrees, an axial distance equivalent to the 
collimation gap may be assumed to be sampled M times at the corresponding M projecting angles, 
respectively, if a 1.0:1.0 pitch is used.  These M projections with partial axial sampling can be 
reconstructed to achieve an axial resolution of less than the collimation gap.  Currently available 
spiral CT scanners use linear interpolation among the M projections to reconstruct the images with 
the slice thickness less than the collimation gap or similar to the transverse pixel size.  It is clearly 
seen that the axial resolution characteristics are different from the transverse resolution.  Ideally we 
desire an isotropic resolution in the three dimensions. 
 
There are two parameters affecting the results: the collimation gap and the pitch value.  In order to 
cover the entire colon in a single breath hold, a larger gap or a higher pitch is needed.  On the other 
hand, a smaller gap or a lower pitch is needed for a higher axial resolution.  For a single detector ring 
CT scanner, we have been using a protocol of 5 mm collimation and pitches of 1.5 to 2.0 (depending 
on the body size) for over 100 patients and volunteers.  The protocol of 7 mm collimation with a 
pitch range of 1.0 to 1.5 could generate results with lower axial resolution, even though both require 
the same data acquisition time.  The later takes a larger collimation gap and smaller pitch value.  Our 
phantom experiments demonstrated the former is a better choice.  By currently available multiple 
detector rings CT scanners, we can achieve an isotropic 1 mm resolution in three dimensions in a 
single breath-hold time period. 
 
For the purpose of mass screening, the radiation associated with CT scans must be minimized [17].  
This is determined by the electric current through the X-ray tube.  We had tested the current values 
from 280 mA to 100 mA.  With 100 mA, there was no miss detection of polyps greater than 3 mm 
size, as compared with 280 mA.  With our developed noise treatment technology [24], we expect to 
minimize the radiation, while maintaining the high image quality. 
 
(3) Image Segmentation Method 
 
Image segmentation aims to group the image elements, or voxels, of the same tissue in a 3D space.  
The unique feature in the image segmentation is the use of the similarity of same tissue types.  This 
is well characterized by the Markov random field (MRF) theory [22].  However, the implementation 
of any MRF model requires a very intense computing effort.  Our segmentation technique considers 
this unique feature in a different way [7].  We construct a local intensity vector for each voxel to 
consider the similarity.  Due to the statistical repeatability property of CT scans, given the protocol 
of 120 kVp and a constant mA, the local intensity vectors can be mapped onto the principal 
component axes by the Karhunen-Loeve (K-L) transformation.  In the K-L space, only the first few 
components carry significant information and are used to construct a feature vector for each voxel.  
The similarities of the feature vectors are analyzed to classify image voxels.  The algorithm is a 
modified self-adaptive on-line quantization method [12].  Unlike most MRF methods, it is 
computationally efficient without the iterative time-consuming process [22]. 
 
Given the classification, we extract the labeled voxels, with consideration given to the body 
anatomy, using region-growing methods.  Lungs and bone are identified and excluded from further 
processing due to their distance from the colon.  Next, the enhanced stool and fluid voxels within the 
colon are removed together with the CO2 voxels, considering the neighboring labels.  The voxel 
located within the rectal insert at the bottom of the volumetric image is selected as the seed point to 
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extract the colon lumen.  If colon collapse happens, the lumen consists of segments.  The voxel 
classification by the segmentation algorithm and the extraction of labeled colon-lumen voxels by 
region-growing method are automatically accomplished on a currently available personal computer 
(PC) platform in less than ten minutes. 
 
The image segmentation strategy, combined with the colonic material tagging, is termed “electronic 
colon cleansing” and detailed in [7, 22]. 
 
(4) Fly Path and Navigation Environment Planning 
 
Given the extracted colon lumen or segments, we desire an environment that describes the colon 
shape and guides the navigation without colliding on or penetrating through the colon wall.  The 
environment consists of two components: a centerline of the colon lumen and a penalized potential 
field within the lumen. 
 
The centerline is conceived as a medial or symmetric axis of a single object, or the colon lumen in 
our case.  If the colon lumen is made of several segments due to collapse, the centerline is the 
connected axes of these segments.  This single line is also frequently named the “skeleton” of the 
colon lumen, which is an abstract description of the colon lumen shape.  A concise definition of the 
skeleton is given by the center locus of the maximal disks (in two dimensions) or balls (in three 
dimensions) within the shape.  A direct implementation of the definition is the thinning of the object 
layer-by-layer until only a single layer, or points as described in [25], remains.  This implementation 
is very time consuming.  Various modifications have been attempted to improve the speed [4, 8, 13, 
14, 19, 30, 36, 44]. 
 
An equivalent definition of the centerline is given in [42], based on the penalized potential field, 
which consists of the distances between each voxel inside the colon lumen and the starting point 
within the rectal insert (i.e., the distance from the start, DFS-distance field) and the distances 
between each voxel inside the lumen and the corresponding point on the lumen boundary (i.e., the 
distance from the boundary, DFB-distance field) [6, 35].  The implementation of this alternative 
definition demonstrated its computational efficiency and statistical robustness [42].  The extracted 
centerline is a smooth single path and stays as close as possible to the center of the colon.  The 
extraction is fully automatic.  It provides a flight path to guide the navigation through the entire 
colon lumen.  The penalized distance field provides an environment to assist the navigation. 
 
The DFS-distance field encourages movement from the start point toward the end point.  The DFB-
distance field prevents collision on the colon wall by increasing the cost for voxels that are closer to 
the wall.  By placing a virtual camera on our submarine navigation model, the environment smoothly 
guides the camera from the starting point to the end point.  When interactive modes are activated to 
move the camera closer to the colon inner surface for inspection of any abnormality, the DFB-
distance field will provide a gent force to prevent the virtual camera from colliding with the wall. 
 
Our planned navigation ensures users follow the flight path for an overview of the entire inner 
surface [18].  The embedded interactive modes allow users to deviate from the path toward the 
surface for detailed inspection, quantitative measurement and virtual biopsy [41].  When returning to 
automatic navigation, the virtual camera is gently pushed away from the colon wall back to the 
center flight path. 
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The fly path and penalized potential field provide an excellent environment for our planned 
navigation with interactive modes to examine the entire colon.  When the suspected areas on the 
colon inner surface are “colored” by CAD means, then we navigate from one area to the other in a 
fast speed and stop by each suspected area at a normal view centered on the area.  This combination 
ensures both the view of the entire colon surface and the inspection of the details at suspected 
locations in an efficient manner.  By our on-going development on texture analysis [43], we expect 
to show the polyp growth tendency, in addition to the structural details at the suspected area. 
 
(5) Volume Rendering Based Fly Through of the Colon Model 
 
Navigation through the entire colon lumen can be achieved by either surface- or volume-based 
rendering computer graphics techniques.  The surface-based navigation is efficient (i.e., in real time), 
but lacks rendering quality in terms of the surface smoothness, and most importantly, it lacks 
information beyond the surface.  It utilizes only the constructed colon model and renders the lumen 
surface for geometric information. 
 
Volumetric rendering uses both the constructed colon model and the raw image data set.  For each 
endoscopic view --- from the virtual camera to the colon inner wall --- the image density information 
beyond the surface is added over the raw image data set by a transfer function or weighting process.  
The added information is at the cost of computing effort.  For a 3D volumetric rendered endoscopic 
view, the standard perspective projection is widely employed [34].  Various improvements have 
been made to achieve real time rendering of the endoscopic views during navigation. 
 
Our virtual colonoscopy navigation speed relies on years of volume rendering research [40] at the 
State University of New York at Stony Brook and has achieved a speed of 15 frames per second on a 
currently available PC platform [9].  At this rate the interactive response following mouse 
activations seems natural and smooth. 
 
These key technologies have been implemented in both SGI- and PC-based computer workstations 
[9, 40].  Integrating the technologies with a sophisticated user graphics interface (UGI) on a PC 
platform is presented below. 
 
Brief Presentation of Viatronix Visualization System 
 
The key technologies were patented by the Research Foundation of the State University of New 
York and licensed to Viatronix Incorporated for commercial production.  These key technologies 
were integrated into a virtual colonoscopy system, called the Viatronix Visualization System (VVS) 
or V3D system.  It consists of two parts: one is a V3D PC processor and the other is a V3D PC 
viewer.  The V3D processor takes the DICOM (digital image communication in medicine) formatted 
2D images through Internet interface to the image acquisition device (or a CT scanner).  Then it 
segments the images and builds up the 3D colon model and the fly-path environment.  The V3D 
viewer takes the input of users from the keyboard and/or mouse and provides volume-based 
rendering of prospective projections or endoscopic views during navigation.  A picture of the UGI 
panel of the V3D viewer is shown below. 
 
Image segmentation and flight path and navigation environment planning are performed 
automatically by the V3D processor.  (It also acts as a DICOM/PACS (picture archiving and 
communications system) server for image archiving and retrieval).  The user only interacts with the 
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navigation or examination portion of the V3D viewer.  The user has the opportunity to verify that the 
automated process had worked correctly.  If any correction is needed, the V3D viewer provides 
various interactive tools to assist the user in editing the constructed colon model.  The top left of the 
display panel in Figure 1 shows a colon model. 

 

 
 

Figure 1: The computer display panel of V3D System 
 
To facilitate the user during navigation, the V3D viewer provides multiple views of the raw patient 
data set.  Shown down the right hand side of the display panel are 2D slice views of the transverse, 
sagittal and coronal images.  An oblique reformatted slice perpendicular to the colon centerline is 
shown on the bottom left corner.  The colon model on the top left shows an outside “map” view with 
an indication of the current virtual camera position and orientation.  In the center is the 3D 
volumetric rendered endoscopic view using the standard perspective projection and our specifically 
developed, fast volume rendering strategies.  All of these 2D and 3D images are correlated together 
so the position in the 3D volume image is overlaid on the 2D slice images, and positions of 2D slices 
are overlaid on the 3D volume.  This provides a fast, simple means to easily analyze suspicious areas 
in both 2D and 3D spaces. 
 
The navigation speed (for both view rendering and display response to mouse activation) is in real 
time.  The interactive tools include, for example, the measurements of polyp size and its location 
from the rectum, slice cutting of polyp for internal image density display, and 3D semi-translucent 
view or “virtual biopsy.”  Another important feature of the V3D viewer is its capability to display 
the covered area in real time after navigating from rectum to cecum and then back to the starting 
point. 
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The V3D system was tested by phantom experiments for measurement accuracy on various data 
acquisition protocols (such as mA parameters, collimation gaps and pitch values).  Our electronic 
cleansing techniques were validated using healthy volunteer scans, and polyp detection was 
corroborated through patient studies.  The performance, as assessed by several radiologists, was very 
satisfactory. 
 
Discussion and Conclusion 
 
It is a challenging task to develop virtual colonoscopy as a mass screening modality.  The bowel 
preparation must be acceptable for the general population.  The image segmentation and feature 
extraction for electronic colon cleansing must be accurate, robust, and efficient, with the capability 
to correct for colon segment collapses.  The flight path and navigation environment planning must be 
robust and smooth enough to ensure a complete coverage of the entire colon surface.  The volume 
rendering speed must be real time with 3D information for virtual biopsy and other quantitative 
texture analysis. 
 
The V3D system relies on key technologies that require a less strenuous bowel preparation, use a 
fully automated electronic colon cleansing technique with the ability to minimize the collapse effect, 
and provide a real time volume rendered navigation with user-friendly interactions for quantitative 
measurements of polyp size and location, especially with the capability for virtual biopsy and texture 
analysis using the 3D information. 
 
The phantom experiments suggested a narrower collimation gap and higher pitch for improved 
detection of smaller polyps.  With protocols of 5 mm collimation and a pitch range of 1.5 to 2.0, it is 
possible to detect polyps as small as 3 mm in size.  The possibility increases dramatically for larger 
polyps. 
 
Electronic colon cleansing was evaluated by healthy volunteer studies and showed the feasibility of 
using a much reduced colon preparation procedure.  This may lead to the removal of patient 
preparation as the major obstacle to virtual colonoscopy becoming an accepted mass screening 
modality. 
 
The system currently takes less than 15 minutes to process the image data set used to build the colon 
model on a currently available PC platform or the V3D processor.  The navigation for complete 
coverage of the entire colon surface also takes less than 15 minutes on a PC platform or the V3D 
viewer. 
 
The polyp detectability shown by the V3D system using a limited number (approximately 150) of 
patients is very encouraging.  Compared to the findings of optical colonoscopy with a polyp size of 
greater than 5 mm, the V3D system identified all the polyps, and furthermore, detected more polyps 
located behind colon folds where optical colonoscopy is blind.  The V3D system found some 3 mm 
polyps that were not seen by the initial optical colonoscopy, and were verified by repeated optical 
colonoscopy.  A larger scale clinical trial is needed and is in progress. 
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