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Abstract

CT colonography is an emerging technique for colorec-
tal cancer screening. Using this technique virtual reality
models of the human colon are generated from an abdomi-
nal CT study of a suitably prepared patient. Manual navi-
gation through these models is a slow and tedious process.
It is possible to automate navigation by calculating the cen-
terline of the human colon. There are numerous well docu-
mented approaches for centerline calculation, most of these
have been developed as alternatives to 3D topological thin-
ning which is regarded as being far too computationally
intensive for use with large volumetric datasets. This pa-
per describes a fully automated, optimised version of 3D
topological thinning that has been specifically developed
for calculating the centerline of the human colon. This al-
gorithm is fast, portable and robust. Initial tests have been
performed on real patient data and the results are promis-
ing.

1. Introduction

Colorectal cancer is a major cause of cancer related death
in developed countries. Statistics published by theNational
Cancer Registry of Ireland(NCRI) [14] indicate that colon
cancer accounted for 9% of all cancer cases diagnosed in
1997, second only to non-melanoma skin cancer (36%).
Colorectal cancer can be prevented if precursor polyps are
detected early in their course and successfully resected.
Regular screening is required in order to detect the presence
of colorectal polyps. At present the most sensitive screen-
ing technique is conventional colonoscopy. This involves
an endoscopic examination of the colonic mucosa using an
instrument known as a colonoscope.

There are several problems associated with conventional
colonoscopy. The patient must undergo complete bowel
evacuation prior to the examination, in addition the patient

must be placed under sedation for the duration of the pro-
cedure. The examination itself is extremely invasive and
can lead to complications. The most serious complica-
tion is bowel perforation, which can, in extreme cases, re-
sult in death. The conventional colonoscopy examination
is embarrassing and uncomfortable for the patient and has
achieved limited acceptance among the those at risk of de-
veloping colorectal cancer.

CT colonography(CTC) [21] (also known asvirtual
colonoscopy(VC)) is an emerging technique for imaging
the interior of the colon in a noninvasive manner. CTC pro-
vides an alternative to conventional colonoscopy for col-
orectal cancer screening. Using this technique, a suitably
prepared patient undergos an abdominal CT scan. The pa-
tient is generally scanned in both the prone and supine po-
sition in order to reduce the effects of residual material in
the colon [6]. 3D virtual reality models of the colon are then
generated and inspected in a manner similar to conventional
colonoscopy. CTC datasets can be automatically analysed
to assist in the polyp detection process [15].

Manual navigation through a virtual reality model of the
colon is both time consuming and awkward. It is possible
to automate intraluminal navigation by calculating the cen-
terline of the colon. The centerline is a single string of con-
nected points that links the two endpoints of the colon. Each
point must be located at the furthest possible point from
the colon wall. The centerline can subsequently be used to
guide the observer through the colon lumen, thus substan-
tially reducing the time required to evaluate the colon. The
centerline can also be used to generate fly-through movies
of the virtual colon. This is achieved by creating renderings
at regular intervals along the centerline.

The problem of colon centerline calculation has gener-
ated great interest in the research community. A large num-
ber of colon centerline calculation techniques have been
proposed. Each technique requires different levels of user
interaction and has different performance characteristics.
This paper describes a novel alternative for centerline calcu-
lation. The proposed technique is fully automated and uses



Group Year Technique Platform CPU(Mhz) RAM(MB) Automatic Time(s)
Deschamps & Cohen [9] 2001 Distance field Sun 300 1000 ✗ 30
Bitter et al. [1] 2001 Distance field Intel 1000 NA ✓ 119
Chen et al. [4] 2000 Distance field SGI 2x195 896 ✗ 36
Samara et ak. [17] 1999 Region Growing SGI NA NA ✗ 300
Zhou et al. [24] 1999 Voxel coding SGI NA NA ✗ 519
Ge et al. [10] 1999 3D topological thinning SGI NA NA ✗ 518(60†)
Horwich et al. [12] 1999 3D topological thinning SGI NA 1000 ✓ <900
McFarland et al. [13] 1997 Radiologist marking NA NA NA ✗ 1080

† Centerline calculation time obtained through using subsampling.

Table 1. An overview of previously published centerline calculation algorithms

an optimised version of 3D topological thinning to calcu-
late centerlines in a robust and extremely efficient manner.
Initial tests have been carried out using real patient datasets.
The test results indicate that our approach is a viable alter-
native for fast colon centerline calculation.

2. Previous Work

A large number of centerline calculation algorithms are
described in the literature. The majority of these algorithms
have been developed as efficient alternatives to 3D topolog-
ical thinning which is generally regarded as being overly
computationally intensive [1, 17, 24]. Some centerline cal-
culation techniques do utilise 3D topological thinning, how-
ever, optimisation techniques must be employed in order
to increase efficiency. Ge et al. [10] describe one such
approach where subsampling is used to increase the effi-
ciency of standard 3D topological thinning. This stratedgy
increases performance by a factor of five, however, the ac-
curacy of the result is ultimately compromised. The follow-
ing paragraphs review a selection of previously published
approaches for centerline calculculation.

Early techniques for centerline calculation required sig-
nificant user interaction. McFarland et al. [13] describe
a semiautomated technique where a radiologist identifies
keypoints in the colon lumen. A cubic spline fit of these
points is then calculated to approximate the colon center-
line. Semiautomated techniques for colon centerline calcu-
lation are slow, inaccurate and require excessive user inter-
action. Modern techniques require substantially less user
interaction and generate a more accurate approximation of
the colon centerline in significantly less time.

Samara et al. [16] calculate the colon centerline using
the center of mass of grown voxels. Two approximations of
the centerline are calculated by region growing from seed
points in the rectum and the caecum (the rectum and caecum
are the two most distal points in the colon). These forward
(antegrade) and reverse (retrograde) centerlines are then av-
eraged in order to generate the final result. More recently
this technique has been extended [17]. The plane perpen-

dicular to each point in the centerline is determined. The
center of mass of lumen voxels is calculated for each plane.
These centers of mass are then connected to represent the
ultimate centerline.

Chiou et al. [7, 8], Bitter et al. [3, 1] and Hong et al. [11]
use centerline calculation techniques based on distance field
analysis. The approach described by Hong et al. involves
the computation of two seperate distance fields relative to a
point X located in the colon lumen. These fields describe
the distance from the surface of the colon (Ds(X)) and the
distance from a target point located in the ceacum/appendix
(Dt(X)). These distance fields are combined to generate a
force field (V (X)) which represents an attraction to the tar-
get point in the ceacum/appendix and a repulsion from the
colon wall. This force field is used to guide an observer
along the centermost path of the colon.

These techniques, as well as others described in the litra-
ture, are compared in Table 1. The best results are associ-
ated with the technique described by Deschamps and Co-
hen [9], however, this level of performance is achieved us-
ing high performance hardware.

3. Segmentation

Our centerline calculation algorithm requires a binary
model of the air insufflated colon lumen. A CTC dataset
contains an extremely large amount of information. In ad-
dition to the colon it can also represent sections of the lungs,
kidneys, liver and stomach. The process of identifying vox-
els that represent the colon lumen from a CTC dataset is
referred to as segmentation. The majority of segmentation
techniques utilise seeded 3D region growing. The initial
seed point(s) can be either user defined [16, 17] or automat-
ically detected [23, 18]. There are alternative techniques
for colon lumen segmentation. Chen et al. [5] describe
a novel approach to extract the colon lumen usingprin-
ciple component analysis(PCA). Unfortunately this tech-
nique is rather computationally intensive and requires ap-
proximately 9 minutes to execute on an SGI Octane work-
station with dual R10000 CPUs and 890MB of RAM. We



Material Density (HU)
Air -1500
Fat -40
Water 0
Soft Tissue 80
Calcium 400
Metal 2000

Table 2. A range of common materials and
their corresponding density values repre-
sented using Hounsfield units (HU).

have developed a segmentation technique that is based on
seeded 3D region growing. Our technique incorporates au-
tomatic detection of the colon endpoints. These endpoints
are ultimately used in the centerline calculation process (see
Section 4).

Segmentation of the colon lumen is dependant on the
ability to differentiate between voxels that represent air and
voxels that represent other materials such as soft tissue and
bone. This distinction is made by comparing the value of
a particular voxel with a threshold. The threshold is deter-
mined by examining the difference between the density of
the colon wall (approximately equal to soft tissue) Dcolon

and the density of air Dair. The threshold density Dthresh

is taken to be approximately midway between these two val-
ues (see Equation 1). The units of density are measured us-
ing Hounsfield units(HU) and the densities of several com-
mon materials are presented in Table 2.

Dthresh ≈ Dair +
Dcolon −Dair

2
(1)

By substituting the relevant values into Equation 1 it
is apparent that the value for Dthresh is approximately -
790 HU, although a value of -800 HU is more commonly
used [23, 10]. In subsequent sections any voxels with den-
sities below the threshold value Dthresh are taken as repre-
senting air while voxels with densities above this threshold
are taken to represent solid material e.g. the colon wall.
Dthresh is the only constant threshold in our centerline cal-
culation system. The use of this threshold does not repre-
sent a major problem as the values that are compared with
it are always either much higher or much lower than the
threshold itself. The only time the density of a particular
voxel approaches that of Dthresh is as a result of thepar-
tial volume effect(PVE). In this case the voxel in question
is located on the air/tissue border and as such can be classi-
fied as either air or tissue without significantly affecting the
outcome of the segmentation process.

The seed point for region growing is automatically de-
tected from the CTC dataset usinga priori knowledge about
the data acquisition technique. This seed point is referred to

as therectum point(Rp) as it is located in the rectum. In
addition to acting as the seed point for region growing the
rectum point also represents one of the endpoints of the cen-
terline of the colon.

We use a segmentation technique that is based on seeded
3D region growing. The initial seed point is the rectum
point. Standard 3D region growing identifies contiguous
voxels with values below a certain threshold. The thresh-
old for colon lumen segmentation is Dthresh as defined in
Equation 1. We use a six neighbour kernal to reduce the
effects of shine through. Shine through can cause overseg-
mentation. Our implementation of the region growing al-
gorithm includes a slight modification. This modification
allows us to detect the other endpoint of the colon center-
line while performing segmentation. The second endpoint
is referred to as thecaecum point(Cp) as it is located in
the caecum. The deliverables of the segmentation stage are
twofold. In addition to generating a segmented version of
the colon which is required for thinning the segmented stage
also automatically detects the endpoints of the centerline,
thus reducing the amount of user interaction required to cal-
culated the centerline of the colon.

4. Centerline Calculation

Calculation of the centerline of the human colon is an ex-
tremely important part of the CTC process. The centerline
of the colon is used to automate intraluminal navigation.
It has been demonstrated that automated path planning in-
creases the sensitivity of CTC while substantially reducing
the amount of time required to evaluate the colon [19]. Bit-
ter et al. [2] define the centerline of the colon as:

The shortest path between the two most distal
points inside the colon that includes heavy penal-
ties for coming close to the colon wall.

We propose a fully automated centerline calculation al-
gorithm based on 3D topological thinning as described by
Tsao and Fu [20]. Centerline calculation using this ap-
proach is accurate, however, it has been discounted by oth-
ers due to its computationally intensive nature [1, 17, 24].
Our novel approach enhances standard 3D topological thin-
ning by employing optimisation techniques, thus signifi-
cantly increasing performance. This performance increase
is achieved without compromising accuracy.

Ge et al. [10] describe centerline calculation using 3D
topological thinning as the removal of successive layers of
surface voxels until certain topological and geometric con-
straints are violated. Topology preservation requires that
the structure (number of holes) and connectivity of the ob-
ject being thinned is preserved. The geometric constriants
require that all skeleton endpoints are preserved. Our tech-



nique is different in this regard, only two endpoints are pre-
served, these are the precalculated centreline endpoints (Rp,
Cp). We divide topology violation testing into two separate
tests. These tests ascertain whether the deletion of a par-
ticular voxel will result in a connectivity violation or the
introduction of a new hole in the object being thinned.

The correct centerline cannot be guaranteed after the
completion of the 3D topological thinning algorithm. This
is due to the fact that the topology of the original object
is preserved. Holes can be present in the original binary
model of the colon. These holes cause extraneous loops in
the thinned version of the original object due to the topo-
logical constraints described above. These loops must be
removed in order to generate the final centerline. The re-
mainder of this Section describes the concepts of endpoint
retention, connectivity violation testing, detection of new
holes and extraneous loop removal.

4.1. Endpoint Retention

Standard 3D topological thinning requires that all skele-
tal branches are retained. Colon centerline calculation does
not have the same geometric constraints and only requires
the retention of two branches. The endpoints of these two
branches are the rectum point and the caecum point i.e. the
two most distal points of the colon. In the case of center-
line calculation the geometric constraints simply require the
retention of the predefined centerline endpoints.

4.2. Connectivity Violation Testing

While thinning, the removal of a surface voxel (deletion
candidate) must not affect the connectivity of the binary ob-
ject being thinned. Connectivity can be tested at a local
level by ensuring that the number of distinct binary objects
in the3×3×3 neighbourhood centered around the deletion
candidate does not increase due to the deletion of the center
voxel.

We test for local connectivity breaches using a standard
labelling algorithm [22] which has been slightly modified
and extended to operate in three dimensions. If the num-
ber of labelled objects in the local3× 3× 3 neigbourhood
is greater that one after the removal of a deletion candidate
then a local connectivity violation will be generated. If this
is the case then the deletion candidate cannot be removed.
The concept of local connectivity violation testing is illus-
trated in Figure 1.

4.3. New Hole Detection

Simply avoiding connectivity violations is not sufficient
to guarantee the generation of a valid skeleton for a 3D ob-
ject. It is possible to introduce an unwanted hole by deleting

(a) (b)

(c) (d)

Figure 1. Examples of where the removal of
the center voxel violates connectivity (a) &
(b) and preserves connectivity (c) & (d).

a voxel that does not generate a local connectivity violation.
If this occurs then the topology of the object that is being
thinned is altered. It is possible to detect the introduction of
new holes at a local level by examining the3× 3× 3 neig-
bourhood centered about the current deletion candidate.

The test for the introduction of new holes is significantly
more complex and time consuming than the test for lo-
cal connectivity violations. The test itself is based onad
hocprinciples and requires exhaustive analysis of the local
3 × 3 × 3 surrounding the deletion candidate. The test in-
volves checking for scenarios where, following the removal
of the deletion candidate, a clear path exists that passes
through the center voxel. If this path is surrounded by a
ring of connected foreground voxels in any configuration
then a new hole has been introduced. The concept of hole
detection is illustrated in Figure 2.

4.4. Extraneous Loop Removal

Standard topological thinning of the colon lumen does
not generate a correct centerline. The reason for this is that
the calculated centerline includes extraneous loops. These
loops are due to holes that are present in the original bi-
nary object being thinned. In the case of the colon lumen
holes are normally present and are caused due to folds in
the colonic mucosa. Because of the local geometric con-
straints placed on the thinning algorithm these holes are re-
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Figure 2. Examples of where the removal of
the center voxel introduces a hole (a) & (b)
and does not introduce a hole (c) & (d).

tained in the final centerline in the form of extraneous loops.
Extraneous loops can be removed by examining each cen-
terline voxel and sequently removing the voxels closest to
the surface. A voxel must not be removed if it causes a
global connectivity violation. This can be checked after the
removal of each voxel by ascertaining whether or not a path
exists between the caecum point and the rectum point. This
process is outlined in Figure 3.

5. Optimisation

Centerline calculation as described in Section 4 is ex-
tremely inefficient, however, it can be optimised. This Sec-
tion describes two optimisation techniques that dramatically
increase the performance of centerline calculation using 3D
topological thinning without compromising the accuracy of
the resulting centerline.

5.1. Surface Voxel Tracking

3D topological thinning only examines the surface vox-
els of the object that is being thinned. A surface voxel is
a foreground (or lumen) voxel where one of the 6 directly
connected neighbours is a background voxel. Repetitive
raster scanning of the entire volume to identify surface vox-
els is unnecessary. We propose a technique similar to that
described by Ge et al [10] for tracking surface voxels, thus

removing the need to perform unnecessary raster scans of
the entire volume. Using this technique a single raster scan
of the volume is required to identify the initial set of surface
voxels. The co-ordinates of the surface voxels (or deletion
candidates) are stored using a JavaVector object. This
object supports the storage, management and retrieval of
any type of data. The thinning process removes succes-
sive layers of surface voxels. As each voxel is removed
its six directly connected neighbours are examined. If any
of these neighbour voxels become surface voxels then their
co-ordinates are added to theVector object for inspec-
tion during the next thinning iteration. Using this technique,
only the voxels of interest or the surface voxels are exam-
ined during each iteration of the thinning algorithm. The
amount of data processing is substantially reduced when
compared with the standard raster scan based approaches.

5.2. Partial Precalculation of Results

In order to increase the performance of the local neigh-
bourhood analysis we precalculate the deletion valuedi(X)
of the center voxel for each possible3 × 3 × 3 binary
neighbourhood. The deletion value is binary and indicates
whether or not the particular voxel can be deleted. This in-
volves the generation of each possible neighbourhood con-
figuration and testing if deletion of the center voxel causes a
breach in local topology. The deletion value is subsequently
stored in a results table. A unique index is associated with
each neighbourhood configuration and this index is gener-
ated by examining the values of the neighbouring voxels.

The center voxel in a3 × 3 × 3 neighbourhood has 26
neighbours. Each of these neighbour voxels is binary and as
a result there can be 67,108,864 (226) possible neighbour-
hood configurations. Each of these neighbourhood config-
urations is generated and tested using the techniques out-
lined in Sections 4.2 and 4.3 respectively. If either violation
is generated then the deletion value is false, alternatively
if no violation is generated then the deletion value is true.
The index for each neighbourhood is unique and is gener-
ated using equation 2,di(X) represents the deletion value,i
represents the neighbour index andI(n) presents the value
of the neighbour at indexn.

di(X) =
26∑

n=1

2n−1I(n) (2)

Generation of the deletion table is performed once and
the same table is used for thinning every CTC dataset. Thus
the processes of local neighbourhood analysis is reduced
to a simple task of index generation and both local topol-
ogy tests are effectively performed in parallel. The results
table is quite large (67MB), and its size could be reduced
using various techniques. However, this would ultimately
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Figure 3. A simple example of extraneous loop removal illustrated using a 2D object. Consider the
highlighted segment of the 2D object (a). After thinning and distance field generation we have an
extraneous loop (b). This loop can be eliminated by examining each centerline voxel starting with
those closest to the surface and removing them provided that the path between the two endpoints
of the object is not broken, the final result (c) represents the correct centerline with no extraneous
loops.

increase the complexity of index generation, thus reducing
the performance of the centerline calculation algorithm.

5.3. Revised Technique

An extremely efficient centerline calculation algorithm
has been developed. This level of efficiency has been
achieved by optimising conventional 3D topological thin-
ning. Partial precalculation of results replaces the computa-
tionally intensive tasks of local topology testing with a sim-
ple task of index generation using Equation 2. Surface voxel
tracking significantly reduces the amount of data processing
required for the detection of new surface voxels after each
thinning iteration by identifing any new surface voxels as
they appear. The revised centerline calculation algorithm
employing these optimisation techniques can be described
as follows:

1. Locate all surface voxels by performing an initial raster
scan of the entire segmented CTC volume.

2. Store the co-ordinates of all surface voxels in a
Vector object for further processing.

3. Generate an index for each surface voxel using Equa-
tion 2.

4. Obtain the deletion value that corresponds to this index
from the results table and flag the voxel for deletion
depending on this value.

5. Delete all flagged voxels from the volume and remove
their co-ordinates from theVector object. Exam-
ine all of the directly connected neighbours for each

deleted voxel. If any of these are new surface voxels
then add their co-ordinates to theVector object.

6. The predefined endpoints of the skeleton must not be
deleted.

7. Continue the thinning process until no more voxels can
be deleted.

8. On completion theVector object should contain only
the co-ordinates of centerline voxels.

9. Finally the extraneous loops are removed from the cen-
terline to yield a string of minimally connected voxels
connecting the two most distal points of the colon.

6. Results

We have performed initial tests using 5 CTC datasets ob-
tained from the department of Radiology in the Mater Mis-
ericordiae Hospital, Dublin, Ireland. All algorithms were
implemented using Java and executed on a standard PC with
a 700Mhz Intel PIII Processor and 512MB of RAM. Seg-
mentation and automatic endpoint detection was successful
in all cases. Centerline calculation was then performed, re-
quiring an average of 24.415 seconds. Detailed results are
presented in Table 3 and renderings of the colon centerline
are presented in Figure 4. These results compare very fa-
vorably with those listed in Table 1.



Patient Sex Age Orientation Volume Size Thinning Time(s)
1. Male 68 Supine 512×512×299 23.564
2. Female 68 Prone 512×512×284 24.746
3. Female 56 Supine 512×512×244 24.866
4. Male 67 Prone 512×512×266 23.473
5. Female 52 Supine 512×512×286 25.424

Table 3. Centerline calculation times for 5 CTC datasets with varied patient sex, age and orientation

7. Conclusions

This paper describes an extremely efficient algorithm for
detecting the centerline of the human colon for use with
CTC. This technique uses automatically detected centerline
endpoints, thus, no user interaction is required. Optimisa-
tion techniques that significantly increase the performance
of 3D topological thinning are introduced, however, these
optimisation techniques do not compromise the acuracy of
the resulting centerline. Our technique is fast, portable and
robust while requiring a relatively modest hardware plat-
form for execution. The results obtained from initial tests
carried out on real patient data compare quite favorably with
previously published results (see Table 1).
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(a) (b)
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Figure 4. Two examples of colon centerlines generated using the technique described in this paper for
patient 1 (a) & (c) and patient 4 (b) & (d). before (a) & (b) and after (c) & (d) the removal of extraneous
loops. The actual centerline points are overlaid on a transparent renderings of the relevant colon
lumen. Note the deviation in the centerline that is apparent in the rectum for patient 1 is due to the
presence of the rectal catheter that is used to inflate the colon.


