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Abstract. Virtual colonoscopy is a relatively new method for the detec-
tion of colonic polyps. Their size, which is measured from reformatted CT
images, mainly determines diagnosis. We present an automatic method
for measuring the polyp size. The method is based on a robust segmen-
tation method that grows a surface patch over the entire polyp surface
starting from a seed. Projection of the patch points along the polyp axis
yields a 2D point set to which we fit an ellipse. The long axis of the ellipse
denotes the size of the polyp. We evaluate our method by comparing the
automated size measurement with those of two radiologists using scans of
a colon phantom. We give data for inter-observer and intra-observer vari-
ability of radiologists and our method as well as the accuracy and precision.

1 Introduction

Colorectal cancer is one of the most commonly diagnosed types of cancer. Specifi-
cally, the American Cancer Society predicts 145,000 new cases and 56,000 deaths
from colorectal cancer for 2005 [I]. Polyps are a well-known precursor to such
carcinoma. Not surprisingly, it has been shown that early removal of polyps
ensures a decrease in incidence [7].

In recent years, CT colonography has been proposed as a noninvasive alterna-
tive to traditional polyp detection by colonoscopy [9,[5]. In CT colonography, the
colon structure is often visualized from an endoluminal perspective by means of
surface or volume rendering. Recently, methods have been proposed to support
the inspection by a computer aided detection (CAD) system indicating suspect
locations [8l[4]. The size of a detected polyp is an important aspect for diagnosis
and decision making. It is generally accepted that polyps with diameter | 5mm
require no direct further action, whereas larger polyps should be removed via
colonoscopy. Typically, the size of polyps is measured in colonoscopy by com-
parison with an open biopsy forceps. In CT colonography, it is usually measured
in reformatted images, in which the largest polyp diameter is selected for size
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measurement. However, polyp sizes thus measured by human experts can show
significant inter- and intra-observer variability.

Clearly, an automated method is needed to enable more accurate measure-
ment of polyp size. As a side effect, such a procedure is also useful in CAD
algorithms. Automated polyp detection is usually based on sophisticated pat-
tern recognition techniques that take into account many features measured on
tentatively selected candidates (e.g. size, area, average shape index etcetera).
Proper segmentation is crucial to perform reliable feature measurement.

The existing methods for colonic polyp segmentation (such as Summers et
al. [Bl2] and Yoshida et al. [6]) are especially designed to work directly on
the 3D CT data. Such an approach is hindered by not operating on a specif-
ically defined region of interest c.q. the colon surface. Hence, segmentation of
polyps which are by definition protrusions of the colon surface is not a trivial
task.

In this paper we present a new method for semi-automatic segmentation
of polyp-like structures. Additionally, a technique is described to automatically
measure polyp sizes using this algorithm. Our method assumes that the colon
surface has been identified as a region of interest. Moreover, it is asserted that a
candidate location has been identified; in our system by a vertex detection step
based on the measured shape index [I0]. We will compare the size measurement
by our algorithm with that of physicians in a set of phantom objects (in which
the size is known a priori).

2 Method

The description below assumes that the colon wall is described by a triangular
mesh. However, the basic ideas of the method are not restricted to a mesh based
surface representation of the colon wall; they can as well be implemented to
work on a voxel based model. An additional advantage of our method is that
the segmentation requires no user input, that is all parameters are drawn from
the underlying data.

Outline of segmentation procedure. Ideally, a polyp could be described as a
rather spherical, symmetric mound on a background shape (see e.g. Figure 2h).
One could intuitively delineate a polyp by the inflection points on both sides.
However, these points may not be easily identifiable due to the curvature of the
background shape (think of a fold).

Hence, we model a polyp to have a symmetry axis that goes through the
center point (P.) in which the apical surface normals converge, and the mean
position (P,,) calculated from the polyps surface points. The edge of the polyp
is defined by the points at which the surface normals tend to deflect from the
center point (we will formalize this below).

Initially, a single position or a small patch indicates a point on the polyp
candidate [I0]. Since the center and mean points may not be robustly determined
from such a seed patch, the polyp segmentation procedure is set up as an iterative
process. During each cycle of this process neighboring vertices are added if certain



714 J.J. Dijkers et al.

I ] e
E / e / 7
! 5 COMPUTE CHECK Ty S NO i
/ ril | cowmeute | | apD AccEPTED " vermices "% / secmEntED
|/ SEED PATER '{CE'}‘)}EE“%EA“ '{ CRITERIA ‘ ‘{ HEIGHBCRING '{ VERTICES T ADDED? .~ ] = PATCH /
/ e / /

Fig. 1. Schematic overview of segmentation procedure

criteria are met. The process terminates when no more points are added. An
overview of the procedure is shown in figure [Il

Computing the center and mean points. As depicted in Figure Bh, the
surface normals on the polyp apex tend to converge in a center point. This point
(P.) is found by minimizing the sum of the distances (d;) to all normals (n;).
The surface normals are calculated by Gaussian derivatives the underlying 3D
CT data at a scale of 2mm. This scale was determined experimentally such that
no polyps are missed. The distances can be computed according to:

di = | x (P = Pl / |Inill (1)

where P; is a point on the patch and x denotes the vector outer product. Addi-
tionally, a mean point (F,,) is associated with a patch. The position of the mean
is simply computed by averaging the positions of all vertices: P, = % > P;. The
mean and the center points define a centerline (dashed in Figure[2b). Henceforth
it is called the polyp axis.

Fig. 2. Schematic representation of a patch (dashed curve) on the colon wall. Figure
(a) shows how convergent normals define a center point; figure (b) shows how the
minimized distance d; is defined for surface point P;; figure (c¢) shows how the angles
« and (3 are defined.

Adding points to a seed patch Points are to be added to a seed patch until
the local surface normal tends to deviate from P,. To formalize the stopping
criterion, consider first a sphere on a flat background. Let us define o as the
angle between the line from the center point (P.) to the vertex (P;) and the
normal at the position of the vertex (see Figure[Zc). Clearly, on top of the polyp
a is small (exactly zero on a spherical cap, see Figure B]). The angle o increases
while moving to periphery of the polyp. Right outside the polyp the angle is
given by (compare with Figure [)):

Pe e *Pc :
e ) ®
| Pedge — Pell - (]|
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in which P,4ge is defined as in FigureBland n is the normal at point Pegg.. We as-
sume that the ideal threshold-value lies somewhere between these extreme values
(respectively 0 and aegge). The required midway point is closely approximated
by the angle calculated via (compare with Figure B)):

Qmid = arccos [(P, — P.) /R| (3)

Fig. 3. Schematic representation of a polyp (dashed curve) on a flat background (left)
and on a fold (right)

Thus, o < aumiq yields a safe stopping criterion for adding neighboring ver-
tices to a polyp on a flat background. On a fold, however, the angle « remains
small (see Fig. B]). Let us define 3 as the angle between the polyp axis and the
line between the vertex and the center point (as in Figure 2k):

1P =B [P 2] )

B = arccos

At the edge of the polyp § is given by Beqge = Qtedge. Typically, 8 continues to
increase while moving onto the fold. Consequently, 8 < Beqge yields a logical
stopping criterion for a polyp on a fold. It should be noticed that the two posed
criteria are mutually exclusive: the sidepoints of a polyp on a fold do not meet
the criterion of o < piqg- On the other hand, points besides a polyp on flat
background do not fulfill § < Beqge. Also, the angles cmiq and Beaqge are both
dependent on the shape of a polyp. Flatter polyps tend to have lower values
for apiq and Beqge than more protruding polyps. In other words, the threshold
values automatically depend on the polyp shape.

All vertices neighboring a seed patch that match the conditions are accepted
and added at once to yield a new seed. Consequently, the outcome does not
depend on the order in which points are processed. Clearly, if none of the vertices
match the criteria, no points are added and the current patch is considered the
final, segmented polyp. Otherwise, all steps are iterated.

Automated size measurement. The size measurements for polyps are based
upon the segmented patches. The edges of these patches are projected along
the polyp axis onto a plane. An ellipse is fitted to these points in 2D space by
computation of the first and second order moments. This is in accordance with
the current medical practice in the Academic Medical Center where the polyp
size is characterized by its largest diameter.
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3 Experiments and Results

The performance of the method was assessed by comparing the automated size
measurement with those of radiologists using scans of a colon phantom. We have
looked into several aspects to test our approach:

— Inter-observer variability of radiologists
— Intra-observer variability of radiologists and our method
— Accuracy and precision of the radiologists and our method

Experimental data. All data was acquired using a Mx8000 multislice CT-
scanner (Philips Medical Systems, Best, the Netherlands) using the same scan-
ning protocol for all scans (scan parameters: 120 kV, 100 mAs, 4 x 2.5 mm
collimation, pitch 1.25, standard reconstruction filter, and a 1800 interpolation
algorithm).

The phantom consisted of a lucite cylinder into which fabricated polyps were
inserted. At first, the phantom contained 10 hemispherical lucite objects of vari-
ous sizes, and 4 objects with reduced height (2 mm) in order to mimic flat lesions.
Subsequently, 8 asymmetric objects from plasticine were inserted in the phantom
(maximum width 6-19 mm). The size of all objects (see Table [Il) was measured
by sliding calipers. The phantom was placed in a cylinder, 34 cm in diameter
that was filled with water to arrive at a signal to noise ratio comparable to that
in patient data. The two phantoms with lucite and plasticine polyps respectively
were scanned twice: in the axial plane of the cylinder, and an orthogonal plane
(see Figure [).

Table 1. Dimensions of the phantom objects; of all lucite objects two specimens were
used

|Object|Lucite Objects (lengthxheight) [mm]|Plasticine Objects (lengthxheight) [mm]|

1 10.0 x 5.0 19x9
2 10.0 x 2.5 17 x 8
3 8.0 x 4.0 14 x 10
4 8.0 x 2.0 14 x 8
5 6.0 x 3.0 12x 8
6 5.0x 2.5 11 x 11
7 4.0 x 2.0 11x5
8 - 6 x5

The size of all objects was measured in the CT scans by two radiologists and
by our automated method. The radiologists measured the objects in multiplanar
reformatted CT images. Each object was measured twice, along the main axes
as perceived by the physician. The largest value was taken as the polyp size. The
automatic measurements were done as described previously. For that purpose,
an arbitrary seed point was manually indicated somewhere on the polyp surface.

Inter-observer variability of the radiologists. Figure @h,d contains the
graphs displaying the measurements of one radiologist against those of the other.
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Clearly, radiologist A tends to measure larger diameters compared to radiolo-
gist B. The average difference of their measurements was 1.2mm for the lucite
objects and 3.1mm for the plasticine objects. The standard deviation of the ab-
solute difference was 0.7mm for the lucite objects and 2.7mm for the plasticine
objects.

Intra-observer variability of the radiologists and the automatic method.
The intra-observer variability is assessed by the difference in size measured in the
axial scan versus the measurement on the same object in the orthogonal scan. It
must be conceded that this involves two different scans of the same object. We
assume, however, that it allows for a good approximation of the intra-observer
variability.

Figure @b,e shows the measurements of the observers in one scan versus the
measurement in the other. Apparently, neither the radiologists nor the auto-
matic method shows a bias. The average absolute difference between the two
measurements on the lucite objects was 1.0mm and 0.8mm for the two radiol-
ogists and 0.5mm for the automatic technique. The standard deviation of the
absolute difference was 0.9, 1.0 and 0.5mm respectively. For the plasticine ob-
jects the average absolute differences were 2.6, 3.2 and 1.1mm and the standard
deviations 2.2, 2.1 and 1.1mm respectively.
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Fig. 4. First column: Inter-observer variability in polyp size for lucite (a) and plasticine
(d) objects. Middle column: Intra-observer variability in polyp size for lucite (b) and
plasticine (e) objects. Right column: Accuracy and precision of size measurement for
lucite (c) and plasticine (f) objects.
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Fig. 5. Single slice from each scan. From a-d: lucite polyps axially, plasticine polyps
axially, plasticine polyps orthogonally and lucite polyps orthogonally

Accuracy and precision. The accuracy and precision of the observers is de-
fined by comparison to sliding calipers (see Figure Hk,e). The measurements of
both radiologists appear to be slightly biased. This can be explained by the
procedure of always selecting the larger of two measurements as the size of the
polyp. The bias in the automatic method is less pronounced, but not completely
absent. It can be explained by notifying that all points (except due to noise)
on a segmented hemispherical polyp surface are projected inside a circle with
the diameter of the polyp. An ellipse fitted through the contour points yields a
small underestimation of the true size. Clearly, one might correct for all these
biases in a calibration step. Specifically noticeable, is the higher precision of the
automatic method on the plasticine objects, indicated by the smaller spread of
values around the line of identity.

As shown in table[2] the automatic method shows a smaller systematic error
than the radiologists. There is no significant difference in the precision (std.
dev.) for the (symmetric) lucite objects between the automatic system and the
radiologists. However, for the irregular plasticine objects the precision of the
automatic system remains the same, whereas the precision of the radiologists
decreases significantly.

Table 2. Mean difference and standard deviation of difference between observers and
sliding calipers measurements for the lucite objects and the plasticine objects

Lucite Plasticine
mean diff. [mm](std. dev. [mm]{mean diff. [mm]|std. dev. [mm]
Rad. A 1.6 0.9 7 5
Rad. B 0.8 1.0 4 5
Automatic -0.2 1.2 -1 1.2

4 Conclusions and Future Work

The size of a colonographically detected polyp is important for diagnosis and
decision making. The size measurement by human observers is generally consid-
ered to be imprecise and inaccurate. In this paper we presented a method for
the automatic segmentation of polyp-like structures. The polyp size was auto-
matically derived from the segmentation result. It was shown that our algorithm
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yields a smaller bias than the measurements from radiologists: on average lmm
or less for the automatic method and between 1 and 7mm for the radiologists,
depending on the irregularity of the object. Even more important, the algorithm
is consistent irrespective of the polyp shape. As opposed to that, the radiologists
show a four times larger variation for the irregularly shaped objects. It is this
irregularity which occurs in practice.

A good polyp segmentation algorithm is also useful for automatic polyp de-
tection algorithms. It allows for extraction of features such as volume, surface
area, average grey-value etcetera. Such features may improve the specificity of
CAD algorithms.
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