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Abstract. We present an eﬃcient method to digitally straighten a colon
volume using mesh skinning, a technique well known in computer graphics to deform a polygonal mesh attached to a skeleton hierarchy. In our
case, the colon centerline is used as the skeleton structure and the polyhedral model of the lumen as the skin that is to be deformed as the
centerline is straightened. Once the colon has been straightened, we
use standard rendering techniques to compute the virtual dissection.
Our approach is signiﬁcantly more eﬃcient than previously proposed
techniques.

1

Introduction

Virtual colonoscopy is a non-invasive screening procedure aimed at exploring
the inner colonic surface in search for lesions. Standard methods in virtual
colonoscopy simulate conventional colonoscopy by using virtual ﬂy-throughs
along the reconstructed colon. Major problems with this technique are the time
required to navigate through the complex colon shape and the number of areas that are often left uninspected as they remain occluded behind Haustral
folds. A number of techniques have been proposed to alleviate this problem,
including Mercator projections [1], an unfolded cube display [2] and panoramic
projections [3]. Recently, an alternative approach has emerged in the literature
which proposes the use of virtual dissection of the colonic surface to speed up
the inspection process. With this technique, the 3D model of the colon is cut
open longitudinally and displayed as a single ﬂat image. This approach has the
potential of decreasing the inspection time and at the same time reducing the
number of blind areas. However, it is well known that the colon lumen can not be
ﬂattened onto a plane without introducing some deformations [4]. In this paper
we describe an eﬃcient virtual dissection technique based on mesh skinning [5,6]
This is a well known technique used in computer animation to deform polygonal
meshes such as the skin aﬃxed to an articulated ﬁgure. We apply this technique
to straighten the colon using the centerline as the skeleton and the polyhedral
mesh that deﬁnes the colon lumen as the skin.
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Previous Work

A number of methods have been proposed to digitally straighten and unfold the
colon to expose the entire colon lumen as a single image. Wang et al [7] propose a uniform sampling technique using planar cross sections orthogonal to the
centerline. The results are satisfactory for portions of the colon that are fairly
linear, but produce undesirable results in high curvature areas. This straightforward sampling can lead to single lesions being displayed more than once or
missed completely. In [8], Wang et al propose a method to transform the colon
into a straight cylinder-like shape based on the electrical ﬁeld of a charged centerline. When the entire centerline is charged, the curved cross-sectional planes
tend to diverge avoiding the double sampling problem. In practice however,
the path is charged only locally and therefore there is no guarantee that the
cross sections will not intersect. The method remains computationally very
expensive.
Haker et al [9] propose a method to map the entire colon surface onto a ﬂat
surface using a conformal mapping, based on a discretization of the LaplaceBeltrami operator.
Bartroli et al [10] deal with the problems of double appearance of lesions and
non-uniform sampling by casting rays that follow the negative gradient direction
of a distance map generated from the centerline. These rays are curved and do
not intersect. The distance between the ray origins and the hit surface point
determines a height ﬁeld. The height ﬁeld is then unfolded and a non linear
scaling is applied to compensate for distortions introduced by the non uniform
sampling. The computational time for the entire process is in the range of hours.
Silver et al [11] propose an algorithm to unravel and deform a 3D volume.
Their method is based on the computation of a volumetric skeleton using a
reversible thinning procedure based on a distance transform. The skeleton can
be interactively manipulated and the deformed volume reconstructed via an
inverse transformation.
In the work of Zhang et al [12], the colon straightening is modeled as a solid
elastic deformation process with special constraints and boundary conditions.
The deformation model is described by a group of partial diﬀerential equations
based on equilibrium and kinematic equations found in solid mechanics theory.
Hong et al [13] present an algorithm that ﬂattens the colon in a conformal manner and minimizes global distortion. The conformal parameterization is
solved using ﬁnite element methods to approximate a solution of an elliptic partial diﬀerential equation on surfaces. The entire process takes about 30 minutes
for a 512 x 512 x 460 data set.
The approach of Sabry et al [14] is unique in that the colon is not straighten
nor ﬂatten. Instead, the colon surface is split into two halves along the centerline
based on a mesh skinning technique. Each half is then assigned a virtual camera
that performs a ﬂy-over navigation.
We propose a novel approach to digitally dissect the colon which is signiﬁcantly faster than all previously proposed techniques. We can generate a complete unfolding in under a minute in a standard PC.
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Our Approach

Our approach is based on a technique known as mesh skinning [5,7] often used
in computer animation to deform a polygonal mesh attached to a skeleton hierarchy. In our case, the colon centerline is used as the skeleton structure and the
polygonal model of the lumen as the skin that is to be deformed as the centerline
is straightened. In this section we describe in detail the proposed algorithm as
outlined in Figure 1. Given a CT data volume we compute a fully automated
colon segmentation based on a threshold region growing operation. The centerline, a sequence of joints or points {c1 , . . . , cn }, is computed for all components
in the threshold volume. Two consecutive centerline points deﬁne a bone or a
link segment. As shown in Figure 2a, each centerline joint has an associated local
coordinate system where the z axis is oriented to line up with its corresponding
bone and the other two axes are deﬁned so that the angular rotation between
consecutive frames is minimized. Finally, a polyhedral model of the colon surface
is reconstructed using a marching cube algorithm. The resulting mesh consists
of a set of triangles with vertices {v1 , . . . , vp }.

Fig. 1. The virtual dissection process

3.1

Colon Straightening

The straightening of the colon consists of three steps. The ﬁrst step automatically
assigns polyhedral vertices to bones and calculates weights wi,j that deﬁne how
much inﬂuence a particular bone j has on a vertex vi during the deformation
process. To ensure a smooth skinning, each vertex in the mesh is associated with
multiple joints. In order to deﬁne these weights, a distance map is computed
which encodes for each voxel on the colon wall its nearest centerline point. The
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Fig. 2. (a) Centerline segments with corresponding coordinate systems. The nearest
centerline point ck to vertex vi is found via a distance mapping. (b) Nearest centerline
points before and after applying a smoothing step.

distance map is computed using a region growing technique based on the semiEuclidean distance transform [15] where the points that deﬁne the centerline are
used as the seed points. Based on this map, each vertex vi of the polyhedral model
is associated with its nearest point ck on the centerline (see ﬁgure 2a). Adjacent
vertices on the polyhedron should have associated points on the centerline that
are near each other. Because of the complicated structure of the colon, this
is not always the case and could create severe distortion. To ensure a proper
unfolding, we add a smoothing step (see ﬁgure 2b). For each vertex vi in the
mesh, we average its nearest centerline point index k with the indices of its
adjacent vertices using several iterations.
We assign to each polyhedron vertex vi a neighborhood (of size 2* δ) of
centerline points symmetrically distributed around ck (see ﬁgure 2a). Weights
wi,j are deﬁned to be inversely proportional to the distances di,j between the
vertex vi and the centerline points cj in that neighborhood, namely
wi,j =

1
1
×
di,j
Ti

(1)

where Ti is the total sum of all those distances in the deﬁned neighborhood
Ti =

j=k+δ

j=k−δ

1
.
di,j

(2)

Note that to ensure that no undesired scaling will occur, this weight assignment
satisﬁes equation 3.
j=k+δ
 1
= 1.
(3)
wi,j
j=k−δ

In the second step, each centerline segment is aligned with respect to the
previous segment to form a straight line {p1 , . . . , pn } along the z axis (Figure 3).
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Fig. 3. Straighten colon

Starting at the origin, the z-coordinate of pj is given by pj,z = pj−1,z +cj −cj−1 .
A rotation matrix Mj encodes the transformation of the world coordinate system
into the local coordinate at cj . Each matrix Mj is computed by multiplying Mj−1
with a local rotation transforming frame j − 1 to frame j.
The ﬁnal step consists of recomputing the polyhedral vertex coordinates on
the straighten polyhedron. The new value v´i of vi is given by
v´i =

j=k+δ


wi,j (pj + Mj−1 (vi − cj )).

(4)

j=k−δ

Note that since Mj is a rotation matrix its transpose its used for Mj−1 .
3.2

Dissection Computation

The dissection is done in two passes. First, a low resolution sampling pass calculates the scaling parameters. At discrete points along the centerline, starting
at the rectum and moving toward the cecum, few sample rays orthogonal to the
central path are cast and the intersection of the rays with the polyhedron is
calculated. For each ray the distance between the ray origin and the hit surface
is computed. The average of these distances at a discrete centerline location is
used to scale the dissection.
During the second pass, the unfolded image is generated. Rays are cast orthogonal to the central path and distributed uniformly covering more than 360o
(Figure 4). Using the material properties and the eﬀect of the lights in the scene,
the shading of the corresponding pixel is determined (Phong shading). Because
more than 360o are covered, the resulting image displays an overlap at the edges.

Fig. 4. Dissection computation
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To speed up the intersection calculation between the rays and the mesh, the
triangles are sorted relative to the minimum z-component of their vertex coordinates. The dissection view computation can be displayed in a multiresolution
setting. During the initial pass, a low resolution image is generated. Subsequent
passes update the image to increase the resolution.

4

Results

Below we illustrate the results of the dissection computation. Figure 5 shows a
colon polyhedral (with 285k triangles and 144k vertices) before and after the
straightening procedure is applied. Figure 6 shows the corresponding virtual
dissection. The image is split into four sections, starting at the rectum in the
top left corner and ending up at the cecum in the bottom right. It illustrates the
appearance of lesions in the dissection view and the corresponding ﬁndings in the
endoluminal view. We provide a real time point-to-point correlation between the
dissection and the corresponding 3D and 2D images. Lesions in the unfolded view
tend to appear stretched out horizontally along the longitudinal axis, consistent
with the conclusion of a recent study [4], while Haustral folds tend to appear
perpendicular to the long axis of the colon.
The bottleneck of this technique is the dimension of the image used to display
the ﬂatten image. Table 1 lists average computation times for the major steps of
the dissection algorithm for diﬀerent image resolutions. The tests were performed
on a 2.39 GHz Pentium processor with 2GB of RAM.

Fig. 5. Original colon volume and the results of straightening the centerline
Table 1. Dissection computation times for diﬀerent image resolutions (in seconds)
image Distance map
colon
diameters unfolding
resolution calculation straightening calculation rendering
4096*256
1
1
8
28
2048*128
1
1
3
7
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Fig. 6. Lesions in the dissection view and corresponding locations on the endoluminal
view

5

Conclusions

We present a colon dissection algorithm using mesh skinning that is signiﬁcantly faster than previously published techniques. The method has been tested
on 30 datasets with good results. Problems arise in cases that have incomplete
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distension and cannot be aligned automatically on a consistent centerline. Clinical evaluation is planned to fully evaluate the diagnostic value of the proposed
technique. Since deformations are liable to occur, it is critical that radiologists
become familiar with the appearance of normal and abnormal colon features in
the virtual dissection. Improvements of the method for cases where the colon is
not well distended are subject of future research.
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