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ABSTRACT

Simulation of surgical procedures requires visualisation of re-
alistic geometric models of organs generated from 3D patient im-
ages. Significant improvements in visual realism can be obtained
through appropriate surface texturing and shading. In this paper we
present a novel technique for continuous surface parameterisation of
colonic geometric models utilising surface voxel to centreline corre-
spondences derived from Laplace’s equation. Our technique creates
continuous texture coordinates which exhibit minimal distortion and
which enable us to use advanced texturing and shading techniques.
Experimental results from phantom volumes and real cases are de-
tailed.

Keywords: Surface parameterisation, colonoscopy, computed to-
mography, texture coordinates, surgical simulation

1. INTRODUCTION

Colorectal cancer will be the fourth most commonly diagnosed can-
cer and the second most common cause of cancer related death in
the USA during 2007 [1]. Survival rates from colorectal cancer
improve significantly with early detection, but unfortunately there
are few early symptoms and risk increases from age 45 onwards.
Colonoscopy is currently the best examination technique as it offers
the ability to biospy and excise suspicious tissue, but the procedure
is difficult to master and most training occurs on real patients. To
reduce the risk associated with training on real patients, improve-
ment of colonoscopy simulators for training and eventual certifica-
tion would be of tremendous value. Existing colonoscopy simulators
rate poorly for anatomic and haptic realism as well as case complex-
ity and several studies have found them only useful for novice in-
struction [2]. For a colonoscopy simulator to be realistic enough to
train not only novices, but also intermediate and expert physicians,
it needs to incorporate a large number of highly realistic, complex
cases.

In our simulation environment each case is generated from pa-
tient CT scan data and requires the construction of geometrical mod-
els of the colon. This requires several steps, including: segmentation
of the colon, extraction of the centreline, creation of surface meshes,
surface mesh parameterisation and UV texture coordinate calcula-
tion for realistic texturing and shading.

Techniques for surface parameterisation have been published ex-
tensively [3]. Some techniques that have been applied to colonic
anatomy such as conformal mapping [4][5] are mathematically com-
plex. Other surface parameterisation techniques that have been ap-
plied to surgical simulation such as piecewise linear mapping require
special handling for seamlines generated during the mesh flattening

phase [6]. The primary contributions of this paper are novel tech-
niques for surface parameterisation of colon models and for subse-
quent texture coordinate interpolation which are not overtly mathe-
matically complex and do not generate seamlines. Whereas previous
work is focused on parameterisation of meshes, we first compute a
surface parameterisation of our binary segmentation and interpolate
that onto our surface mesh. We map each colonic surface voxel to a
point on the centreline using non-intersecting correspondence trajec-
tories, derived in an efficient manner using the Laplacian map. With
the correspondences computed, we are able to compute UV texture
coordinates for all surface voxels and interpolate these onto our ge-
ometric model. We provide additional novelty through a technique
that successfully eliminates texture mirroring artefacts through com-
bination of two textures where the circumference texture coordinate
of one is rotated.

In Section 2 we detail the techniques used for segmentation of
CT images, mesh and centreline generation and details of our corre-
spondence and texture coordinate generation techniques. Section 3
provides experimental results on phantoms and real colon images.

2. METHODS

2.1. Segmentation of colon fromComputed Tomography images

Segmentation of the colon from an abdominal 3D CT scan is achieved
through smoothing of the original image using a curvature anisotropic
diffusion filter [7]. A threshold filter is applied to the image to iden-
tify air and tagged fluid regions which are subsequently merged us-
ing a vertical filter [8]. As several organs can be segmented during
this process, the colon must be selected from a labelled image.

2.2. Surface mesh generation

The binary segmentation is meshed using Marching Cubes [9] to
generate a high density surface mesh of the colonic lumen. Subse-
quent Laplacian smoothing [10] and quadric decimation filters [11]
are used to obtain a smooth surface mesh (Fig. 1). The smoothing
operation is not volume preserving and tends to remove small surface
details. Fine surface details are restored during simulation through
the use of normal mapping.

2.3. Centreline calculation

A fast marching filter [12] using the Euclidean distance map as the
speed term [13] is applied to a binary image generated from the
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Fig. 1. A high density colonic surface mesh generated from seg-
mented patient CT data.

smoothed and decimated mesh between points at the rectum and cae-
cum. Back propagation [14] involving the selection of the points on
each front with the greatest distance in the distance map is used to
obtain a connected, voxelised centreline. A moving average filter is
then used to smooth the centreline and a Catmull-Rom spline fc is
created using the smoothed centreline voxels.

2.4. Correspondences between the surface and the centreline

Let R be the resulting segmented colon, S the collection of external
boundary voxels andC the computed centreline, as shown in Fig. 2.
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Fig. 2. Solving Laplace’s equation between the colon surface and
the centreline results in equipotential lines which can be used to cal-
culate surface–centreline correspondences.

In order to obtain a unique association between a point Xo at
the outer boundary and a point, Xc ∈ C at the centreline , we used
the solution of the Laplace’s equation (Δu = 0) over R. This is
performed according to Jones’s approach [15], with boundary con-
ditions fixed at C and S.

Thus, the centreline C and outer boundary S are set to fixed
potential of 0V and 10000V, respectively. The solution is a scalar
field u, dividingR, into a set of equipotential layers. The normalised
gradient of this scalar field is then computed, giving for each voxel
a unit vector �T perpendicular to the equipotential layer on which it
sits as:

�T =
∇u

| ∇u |
(1)

A family of nonintersecting curves connecting the centreline
with the surface can be constructed, following the unit vector field.
We refer to these curves as correspondence trajectories. Thus, start-
ing from any point Xo on the outer boundary, there is a unique path
to a point on the centreline Xc. To avoid the explicit construction
of the trajectories, Rocha et al. [16] proposed an Eulerian approach
building upon the method presented by Yezzi and Prince [17]. We
improved the implementation of this method, making it general for
3D anisotropic volumes. In this approach, a partial differential equa-
tion (PDE) is solved iteratively for finding the correspondences be-
tween S and C. Let φ0 : R

3 → R
3 be defined as the correspon-

dence function that maps a point x ∈ R to the centreline. Since φ0

must remain constant along the direction given by the tangent field
�T , we have:

(∇φ0).�T = 0 (2)

with the boundary condition:

φ0(x) = x,∀x ∈ C (3)

The solution of equation (2) in R
3 is computed in a similar way

to the equations for distances in [17]. In our implementation, these
equations have been generalised for anisotropic images. Thus, given
a 3D grid with voxel spacing a, b and c, in the x, y and z directions
respectively:

φ0(x, y, z) = 1

bc|Tx|+ac|Ty |+ab|Tz|

h
bc |Tx|φ0(x∓ a, y, z)

+ ac |Ty |φ0(x, y ∓ b, z) + ab |Tz|φ0(x, y, z ∓ c)
i
(4)

where:

x∓ a =

j
x− a, Tx > 0
x + a, Tx < 0

and similarly for y, z, b and c.

2.5. Vertex texture coordinates calculation

Due to limitations in the way that OpenGL interpolates texture coor-
dinates between vertices, continuous texturing of tubular structures
is traditionally achieved through mirroring of circumference texture
coordinates from 0.0 to 1.0 and back to 0.0. Unfortunately, this leads
to texture mirroring artefacts as shown in Fig. 3b. If circumference
texture coordinate mirroring is not performed, adjacent vertices at
the edge of the circumference texture boundary where 0.0 and 1.0
meet, have large differences in texture coordinates. OpenGL creates
texture interpolation artefacts at these discontinuities. Our solution
to this problem is to apply two textures on top of each other, each
with the traditional mirroring of circumference texture coordinates
from 0.0 to 1.0 and back to 0.0, but with the circumference texture
coordinates for one of the textures rotated over 90o (Fig. 3a). We
use textures with black edges and detail running in a strip down the
middle of the texture (Fig. 3c). The detail strips of the two textures
are designed to tile seamlessly with each other. As the circumfer-
ence texture coordinates for one of the textures are shifted, the black
strips of one texture coincide with the detail strip of the other. The
mirroring artefacts are now hidden since all mirrored texture bound-
aries are pure black and in our pixel shader these regions do not con-
tribute to the final pixel colour. The result is a continuously textured
circumference that exhibits no mirroring artefacts (Fig. 3d).
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Fig. 3. a) Rotated U texture coordinates. b) Artefact due to texture
coordinate mirroring. c) Textures used to avoid mirroring. d) Two
textures with rotated U texture coordinates.

The surface UV texture coordinates are calculated using the fol-
lowing approach. Given a voxelX0 on the binary image surface and
the correspondence φ0 between the surface and centreline voxels,
we calculate the centreline voxel Xc for a particular surface voxel
through:

Xc = φ0(X0) (5)

The V texture coordinate (running along the length of the colon),
is then calculated for each surface voxel by solving for the distance
along the centreline spline fc where:

fc(C) ∈ [0, 1] (6)
V = fc(φ0(X0)) (7)

V = fc(Xc) (8)

To enable circumference texture coordinate rotation we calculate
the texture coordinate U in the range [0,2]. First, a local orthonormal
basis O(X̂, Ŷ , Ẑ) is constructed using the propagated up-vector Ŷ

of the centreline spline fc at the centreline position Xc, the heading
vector Ẑ of the spline and a vector X̂ calculated by Ŷ × Ẑ (Fig. 4,
Fig. 5a). The texture coordinate U is then calculated by:

B =
acos(Ŷ · N̂)

π
(9)

U =

j
B, (Ŷ × N̂) · Ẑ > 0

2.0 − B, (Ŷ × N̂) · Ẑ < 0
(10)

in which N̂ is the normalised vector from Xc to X0. In the vertex
shader during rendering, the U texture coordinate is converted from
the range [0, 2] back into the mirrored configuration [0, 1, 0] for the
two textures as follows (Fig 3a):

U1 =

j
U, U < 1

2.0 − U, U ≥ 1
(11)

U2 =

8<
:

U + 0.5, U ≤ 0.5
1.5 − U, 0.5 < U < 1.5
U − 1.5, U ≥ 1.5

(12)

Texture coordinates for the vertices of the surface mesh are then
derived through inverse distance interpolation of the surface voxel
texture coordinates within a cut-off distance. Some local texture ar-
tifacts are expected at the rectum and caecum due to our reliance on
the centreline for U texture coordinate calculation.

Fig. 4. For each surface voxel, a local orthonormal basis
O(X̂, Ŷ , Ẑ) is created at the corresponding centreline voxel.

a b
Fig. 5. a) Calculation of the U texture coordinate using surface–
centreline correspondence. b) Colonoscopy view with a checker-
board texture on a real colon mesh.

3. EXPERIMENTS AND RESULTS

The proposed algorithm was applied to a set of synthetic phantoms
(Fig. 6) and to nine patient 3D CT images.

3.1. Synthetic phantoms

The two synthetic phantoms (Fig. 6) were designed to demonstrate
the ability of our technique to generate surface parameterisations for
curved objects and objects with varying diameters. As can be clearly
seen in the Fig. 6b and Fig. 6d the resulting texture coordinates ex-
hibit minimal stretching and no tearing artefacts.

3.2. Real CT data

The algorithm was applied to 9 real CT 3D images which were pro-
vided courtesy of Dr. Richard Choi, Virtual Colonoscopy Center,
Walter Reed Army Medical Center. The acquisition protocol is de-
tailed by Pickhardt [18]. The CT images used were 512 × 512 with
a varying number of slices (> 400) with either 0.68 × 0.68 × 1.0
mm or 0.74 × 0.74 × 1.0 mm anisotropic voxels. For all of these
cases our algorithm successfully computed viable texture coordi-
nates for the generated colonic lumen meshes. A comparison with
a real colonoscopy is presented in Fig. 7. An internal colonoscopy
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c d
Fig. 6. a) Surface mesh of a colon-like phantom. b) The colon-like
phantom textured. c) Surface mesh of the torus phantom. d) The
torus phantom textured.

a b
Fig. 7. a) Real colonoscopy. b) Our texturing technique applied to a
colonic mesh with real-time OpenGL shading.

view of a real colon mesh with a checkerboard texture is shown in
Fig. 5b. Apart from the previously noted artefacts at the rectum and
caecum, the technique is very robust and handles difficult cases such
as strictures and sharp bends. The final textured results have been
verified for visual realism by an expert endoscopist.

4. CONCLUSION

We have developed a novel technique for producing UV texture co-
ordinates from complex, irregular colonic surface meshes using sur-
face to centreline voxel correspondences. Compared to existing flat-
tening techniques, our technique avoids visible seams and provides a
continuous solution suitable for real-time texturing and shading. We
have implemented a novel technique that uses U texture coordinate
rotation in the vertex shader that successfully avoids texture mir-
roring artefacts through multi-texturing. We have demonstrated our
technique on phantoms and real colon meshes and are using the sys-
tem to process meshes for our colonoscopy simulator. Future work
includes resolving minor artefacts evident at the rectum and caecum.
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