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Abstract. Virtual colonoscopy or ‘ colonography’ is a patient-friendly, modern
screening technique for polyps. Automatic detection of polyps can serveto assist
the radiologist. This paper presents a method based on clustering the principal
curvatures. Via automatic polyp detection 5/6 polyps (>5 mm) were detected at
the expense of 9 false positive findings per case. For visualization, the bowel sur-
faceispresented to the physicianina‘panoramic’ way as a sequence of unfolded
cubes. Conventionally, only 93% of the colon surface is available for examina-
tion. In our approach the area in view is increased to 99.8%. The unfolded cube
visualization is another step to optimize polyp detection by visua examination.
Experiments show a sensitivity of 10/10 (on a per patient basis) for any polyp.
The specificity was 7/10.
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1 Introduction

Colorecta polyps are considered important precursor of colon cancer [1]. Typically,
such a benign tumour presents a sphere extending from the bowel wall on asmall, thin
stem (like amushroom, see Figure 1). It may be distinguished from the physiologic sur-
face structure by itsisotropic curvature in the protruding direction (opposite to its sur-
roundings). Commonly, only polyps larger than 5 mm are considered significant. This
minimum polyp size isjustified by a strong correlation between its size and the risk of



amalignant transformation [2]. Smaller polyps are nearly always benign, in which case
an operation is unnecessary [3]. Not surprisingly, early detection of polyps has proven
to lead to adecrease in incidence of colon cancer [4]. Theinterval before polyps devel-
op into a malignancy is estimated to be in the order of 5 years [2]. Hence, screening
seems an attractive possibility for prevention.

Until recently a barium enema and camera col onoscopy were the two procedures avail-
able for examining the colon [5][6]. Both techniques have serious drawbacks. The sen-
sitivity of the barium enemais only 50-80% for polyps sized from 5to 10 mm in diam-
eter. Camera colonoscopy requires intravenous sedation to ease the discomfort. Conse-
quently, many of those eligible for screening avoid the examination [7].

In the past few years, virtual colonoscopy (‘colonography’) has been developed as a
modern aternative[8]. Generally, the procedure comprises of the following steps. First,

the patient’ scolonis cleansed and distended by transanal inflation with air. Subsequent-

ly, a 3D image volume is acquired of the abdomen by CT or MRI. Findly, the interior

bowel surfaceis extracted and visualized, after which the physician virtually navigates
through the colon and examines the surface for abnormalities (Figure 1, |eft).

Virtual colonoscopy relies heavily on aproper representation of geometric information.

Important clues such as vascularization and wall texture are unavailable. Some authors
suggest to support the exploitation of surface shape by automatic polyp detection. As
yet, only preliminary results have been published, most in medical journals and not spe-
cifically focussed on technical details. Such detection was based on classification of the
principal curvatures, local sphere fitting and orientation clustering of surface normals
[9][10]. Although the development is still in an early stage, it is well recognized that
automatic polyp detection may enhance the efficiency of the examination.

The current procedureisto explore the bowel in aninteractive way. However, real-time
visualization at a high frame-rate is not always possible due to the large data size and
the inherent quality requirements. The latter problem is often solved by generating
movies off-line. Typically, sequences are generated, with forward and backward view-
ing directions. In such away, the observed part of the surface is maximized. Still, se-
lective images on the colon wall are obtained. It may well be that important parts of the
surface are missed, while insignificant parts are reviewed twice (Figure 1, right).
For a practical application, polyp detection must comply with requirements regarding

 scale dependency

e sensitivity/specificity

« effectiveness (in terms of area inspected)
The calculation of image features often introduces a scale parameter (e.g. the width of
Gaussian derivatives). Special care must be taken to control the scal e dependency of the
outcome. In any case there must be a high sensitivity for detecting polyps larger than
0.5 cm in diameter, without introducing too many fal se positives. The previousclaimis
supported by making the complete surface accessible for inspection (hence the conven-
tional dual sided view).

In this paper we will present a novel technique to detect polyps which comprises three
steps:



invisible

polyp

Fig. 1. Colonographic view on a polyp (left). Theright picture shows which urface parts missed
intwo sided views.

« calculation of the principal isophote radii of curvature

e clustering

e visualization
The use of curvature information derives from the characteristic shape of polyps (see
above). However, direct classification of the curvaturesis insufficient for efficient de-
tection (by yielding too many false positives). For that reason we introduced a cluster-
ing step to identify significant polyps and reject erroneous findings. Theresults serveto
support the radiologist while he explores virtual endoscopic data. To that end, we inte-
grated our method in a visualization environment presenting the bowel surface physi-
cianin a‘panoramic’ way.
The paper is organized asfollows. In Section 2, we will methodically describe the three
stages of the technique. Resultsincluding aclinical evaluation will be presented in Sec-
tion 3. The paper will finish by drawing conclusions and describe suggestionsfor future
work.

2 Technique
2.1  Calculation of the principal normal curvatures

A three step algorithm to calculate the principal curvatures from a 3D image volumeis
asfollows[11]:
e Stepl
Calculate the gradient vector (g) and the Hessian matrix (H) in each position.
They are defined as:

XX "Xy 'XxZ

g=(elply)  H={l 00, 1)

Xz 'yz 'zz

where each entry representsapartial derivative of the 3D image . Each derivative
is calculated through convolution with a Gaussian kernel at a specific width
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e Step2
Rotate the Hessian matrix so that one axis aligns with the gradient direction. The
resulting matrix H' can be written as:
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Here, I gq is the second derivative in the gradient direction and H'; a2D Hessian
in the tangent plane perpendicular to g.

e Step3
Compute the eigenvalues of H’t. These values A, and A, are respectively the max-
imum and the minimum second derivatives in the touching plane. The corre-
sponding eigenvectors point in the direction of maximal and minimal curvature.
It can be shown that the principal radii of curvatures are given by
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2.2  Clustering the principal curvatures and visualization

Not surprisingly, a direct classification of the principal curvatures (e.g. by a direct
threshold) yields imperfect results, mainly because voxels are individually addressed.
Consequently, an isolated point may be identified as a polyp. The ‘ neighbourhood’ as-
pect isincorporated by clustering the curvature values as follows. First, the colon'sin-
terior volumeis obtained by thresholding theimage, followed by aregion growing from
the centerline. Then, adilation of the resulting object is performed, with the restriction
of 6-connectivity. The contour added contains the surface voxels. Clearly, only those
voxels are of interest that have a principal radius of curvature within a certain range of
values (Rjoy < K1 < Ryp and Rjoy < k3 < Ryp). Because such surface elements are ex-
pected to appear in clusters (due to the isotropy of polyps), a hierarchical clustering is
performed by the single linkage method as described in[12]. At last, only those clusters
are taken into account that contain a minimum number of voxels (Ng,rvatures)- The lo-
cation of such a cluster is determined by projecting the centre of gravity into the closest
point on the colon wall.

For visualization, we designed an environment presenting the bowel surfacein a ‘pan-
oramic’ way. The polyp detector has been integrated in this environment to support the
radiologist.

Let usfirst look into some general aspects of standard colonography. Conventionally,
the virtual colon is inspected by an animated image sequence from coecum to rectum
and vice versa. Increasing the viewing angle enlarges the amount of surface inspected.
However, this approach goes at the expense of increased distortions towards the edges
of theimage. To avoid extreme deformations while showing the full visiblefield around
aposition, we present the physician with a series of ‘ unfolded cubic renderings’ [13].
Consider alimited set of points sampled on the central path through the colon (for ob-
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Fig. 2. A sequence of outfolded cubes is presented to improve efficiency

taining this central path we refer to [14]). Imagine that in each such position thereis a
cube of which the faces contain 90° views from the centre. Clearly, projection of the six
images onto asingle plane (the ‘ unfolded cubes) renders the compl etefield of view (see
Figure 2 for an example). Additionally, discontinuities are restricted to the edges.

Theinterface for reviewing the unfolded cube data is shown in Figure 2. In the central
part a sequence of images is displayed. The overview image depicts the current global
position in the colon (top right). Two reformatted views allow exploration of the origi-
nal CT data (bottom right). Both images are generated automatically when the user
clicks in the unfolded cube. The centre of the two images is determined by projecting
the selected point on the colon wall. The first image is perpendicular to the path where
itis closest to the selected position. The second, orthogonal cross-section is paralel to
the centerline tangent. The physician can scroll interactively through these images and
rotate them for closer inspection of suspicious areas.

Thetop-left window contains alist of detected polyps. By clicking on any one item, the
unfolded cube image is shown, rendered from the closest central path point. The posi-
tion of such apolyp isawaysindicated by acircle.

3 Results

This section describes an evaluation of our approach, specifically in relation to require-
ments of scale dependency, sensitivity and effectivity (surfacein view).



3.1 Calculation of the principal curvatures

We will test the calculation of the principal curvatures by its accuracy and precision.
Obviously, both will vary asafunction of 64, (Width of the Gaussian derivatives, see
Section 2.1). Clearly, 6g4,ss Must be tuned to the size of the object under consideration
(radius) and the noise level. At atypical CT image resolution of 0.5 mm/pixel, relevant
polyps of 5-10 mm in diameter are approximated by spheres of 5 to 10 pixelsin radius.
Inour CT images (see Section 3.2) we measured a contrast to noise ratio of about 0.05.

To monitor the effect of object size and noise we conducted the foll owing experiments.
A sphere with radius 5 pixels was generated (in the Fourier domain to obtain bandlim-
itedness). Those points were selected that were within 1 pixel from the true surface.
Thus, the latter distance corresponds to positions 4 to 6 pixels from the centre. For each
of these surface points the principal radii of curvature were calculated. The true values
(gold standard) are given by the distance to the centre of the sphere. Consequently, the
mean as well as the standard deviation were determined of the difference of ground
truth and measured radius of Gaussian curvature (= x4- x5). Each of these two numbers
(the ‘bias’ and standard deviation) were attained for varying 6gg,ss and an array of
noise levels (Gaussian). The graphs in Figure 3 show normalized results (i.e. the out-
come divided by the squared true radius).

As expected, a certain minimal filter width (cgqss— 3-5 pixels) is required to obtain
good accuracy and precision at any noiselevel. Fromthe‘bias’ it appearsthat the Gaus-
sian curvatureisincreasingly overrated (notethat the curves show gold standard - meas-
ured Gaussian curvature). Because the measurements involve a spherical object, the
area outside the sphere relatively increases with larger 6. Consequently, the outcome is
weighted with larger radii of curvature, yielding a biased result.

Previously (Section 1) we remarked that a distinguishing feature of polypsisthat they
jut out into the colon. While the plicae semilunares (or haustral folds, visiblein Figure
1) have a protruding character in one principal direction, they have opposite curvature
in the other. Because polyps present an smaller image structure than the colon surface,
we propose to use the largest sigmathat allows good measurement. Thus, to measure a
polyp of 0.5 cm (diameter) at aresolution of 0.5 mm/pixel requiresc g4,5 = 5-9 (com-
pare with Figure 3). In thisway such aclinically relevant polyp is measured with good
accuracy and precision. On the other hand irrelevant features (smaller protrusions) will
be smoothed away as much as possible into the background (having opposite curva-
ture).

3.2 Clustering and visualization

For the evaluation of our work we collected datafrom 20 patients visiting the Academic
Medical Centre Amsterdam. An informed-consent procedure was followed, in which
the patient inclusion criterion was the referral for conventional colonoscopy. For each
patient 3D image data were acquired by computed tomography (CT) in supine and
prone position. The in-plane resolution of the images was approximately 0.6 mm/pixel
at aslicethickness of 3.2 mm. The reconstruction interval was 1.6 mm, resulting in half
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Fig. 3. A sphere with radius 5 pixels was generated. Those points were selected that were within
1 pixel from the true surface (i.e. 4 to 6 pixels from the centre). For each of these surface points
the principal radii of curvature were calculated. The true values (gold standard) are given by the
distanceto the centre of the sphere. For all these pointsthe mean aswell asthe standard deviation
were determined of the difference of ground truth and measured radius of Gaussian curvature (=
K1+ Xp). Each of these two numbers (the ‘bias' and standard deviation) were attained for varying
OGauss and an array of noise levels. The graphs show normalized results



overlapping dlices.

Each patient subsequently underwent optical colonoscopy. Identified polyps were re-
sected and their size, location and morphology were annotated to define the ground
truth. In 10 patients 15 colonic polyps were identified. Unfortunately, only 6 polyps
werelarger than 5 mm. The interface (described previously) wasimplemented on an ex-
perimentally enhanced version of the EasyVision Endo-3D software package (Philips
Medical Systems).

From Section 2 it can be deduced that our polyp detection comes with parameters
OGauss Riows Rup» @d Neyryatures: PUrsuing Section 3.1 we opt for 6 gaues=7.0inx and
y and 6 gas5 = 2.6 (= 7/(1.6/0.6)) in the z-direction to cope with the anisotropy.

Riow and Ry, are introduced to obtain atentative voxel classification. These parameters
affect the outcome in the next manner. Ideally, the breaking point to select surface
patches protruding into the colon lies around x4, 1, = 0.0. It will not come as a surprise
that the number of falsely selected radii decreases rapidly with increasing Ry, How-
ever, if this parameter is set too large, then small polyps may be excluded. Also, it turns
out that radii near the apex are rejected from larger polyps.

Toosmall R, (€.9. 10 mm) appearsto suppress features near the stem of the polyp first.
Above approximately 20 mm thisthreshold hardly affects the outcome. Only extremely
large values (R, = 100 mm) result in selection of some voxels on haustral folds. Mod-
elling the expected shape of polyps, we will apply Rjo, = 1.0 mmand R, = 20 mm.

Any remaining false positive radii are rejected by a constraint on the number of voxels
that a cluster of them must contain (Ney,yatures)- It Was experimentally determined that
a sphere of 10 mmin diameter consists of approximately 500 voxels (at a resolution of
0.62x 1.6 mm/ sample). In concordance we will use N natures = 250. The latter choice
may seem arbitrary. However, changing the parameter by several decades did not ap-
pear to influence the outcome. Application of the aforementioned values resulted in de-
tection of 5 out of 6 polyps (> 5 mm). Thefalse positively detected |esions ranged from
5-15 per image volume. The false negative polyp is best described as a faintly sloped
mound (see Figure 4). Clearly, our polyp detector is not designed to track down such
shapes. Still, however, asthe type of polyp isregarded significant, we need to adjust our
method. To that end, we consider scale adaptive filtering.
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Fig. 4. An undetected polyp, on the |eft depicted in areformatted CT image, on the right the vir-
tual endoscopic view.

The effectiveness of the visualization was tested by cal culating the surface area coming
into view. Therefore, thewall voxelsin each volume wereidentified in the same manner



as described earlier (Section 2.2). Subsequently, it was determined which fraction of
them was projected into the images upon navigation along the central path (asin [15]).
Theresultsare summarized in Table 1. The single plane entry is defined by considering
the backward and forward views individually (n = 80). In atwo sided view (the conven-
tional approach) both sequences are considered simultaneously (n = 40).

P Single plane Two sided Unfolded
Technique: ; .
view view cube
Surfaceinview (+ o
std. dev): 73%(2.8) 93.8(0.5) 99.5(0.1)

Table 1. Effectiveness in terms of surfacein view.

The 6.2% of thetotal areanot seen using thetwo sided view correspondsto about 20000
voxels, the largest cluster of which contained 1200 elements. Thisis significantly more
than the surface of a polyp, which is approximately 500 voxels (see above). The latter
discrepancy clearly justifies the unfolded cube visualization.

The sensitivity and specificity (on aper patient basis) are collated in Table 2. The gold
standard was obtained through retrospective examination of the image sets by one radi-
ologist specialized in CT colonography. The evaluation times were 28 minutes for the

N Two sided Unfolded
Technique: .
view cube
Sensitivity (%): 7/10 10/10
Specificity (%): 8/10 7/10

Table 2: Sensitivity and specificity for the conventional and unfolded cube approaches.

two sided view technique and 12 minutes using the unfolded cubes (see also [13]. For
the review, the ‘conventional’ virtual endoscopy system as well as the unfolded cube
technique were used both supported by automatic polyp detection. As expected (due to
the larger field of view), more polypswere retrieved using the outfolded cube than with
the conventional approach (two sided view). Concurrently, however, the number of
false positives increases, yielding slightly lower specificity. We acknowledge that the
low number of cases does not reveal significant differences. Clearly, further study isre-
quired in this respect.

4 Conclusions

A modern technique to screen for colorectal polypsis by virtual endoscopy. Any such
visualization relies heavily on aproper representation of the geometric information. For
optimal exploitation of surface geometry, automatic detection of polyps can serveto as-
sist the radiologist. We presented a method based on the local principal curvatures. It
was shown that all round polyps could be detected at the expense of a limited number
of false positives. However, flat and elongated specimens require a more sophisticated
approach, e.g. by adaptive filtering. Still, we consider automatic detection a promising



support for inspection.

The unfolded cube visualization is another step to optimize polyp detection by visual
examination. The method imposes that the complete colon surface comes into view.
The experiments showed a sensitivity of 10/10 for significant polyps.

Virtual endoscopy israpidly becoming a state-of-the art tool for radiol ogists. The meth-
ods described in this paper aimed to contribute to its devel opment.
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