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Abstract

Colonic polyps appear as elliptical protrusions on the inner wall of the colon. Previous algorithms assumed the
shape of a polyp to be a spherical cap, so these algorithms are not flexible when the polyps are various cap
shapes. This paper proposes an explicit parametric model for the polyps. The model captures the overall shape
of the polyp and is used to derive the probability distribution of features relevant to polyp detection. The
probability distribution represents the glocal properties of the candidates (where glocal properties capture both
the global information and local information of the object). A unit sphere, referred to as a brilliant sphere, is
used to represent the glocal information of the polyp. The observation sequence is obtained for the polyp
candidates from the brilliant sphere information, and the observation sequence is then assessed by explicit

models for classification.
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1 Introduction

Colorectal cancer is the most commonly diagnosed,
non-cutaneous cancer in Australia. In 2001 there were
12,844 cases of colorectal cancer (6,961 in men and
5,883 in women) and 4,754 deaths (2,601 in men and
2,153 in women). In Australia, the lifetime risk of
developing colorectal cancer before 75 years of age is
approximately one in 17 for men, and one in 26 for
women [1]. With over half a million obits, colorectal
cancer was ranked as the fourth leading worldwide
cause of cancer death in 2002 [2]. According to the
American Cancer Society [3,4,5], most colorectal
cancers arise from benign colonic polyps and when
tumors in the colon are found and treated early, cure
rates are higher than 90 percent. Early removal of
these polyps has also been shown to reduce mortality
from colon cancer by 25-50% [6]. Therefore, early
detection can increase survival rates.

Unfortunately one of the biggest problems with colon
cancer is that most occurrences produce no symptoms
in their early stage when they are small and limited to
the colon. Therefore, colon cancer is an ideal disease
for screening, where screening is the process of
looking for a cancer in healthy persons who are at risk
for the disease but have no symptoms. Optical
colonoscopy is part of the standard screening protocol
used to visually detect 100% of polyps and potential
cancers [30]. However, screening for colon cancer
lags far behind screening for other cancers, since
colonoscopy is expensive, invasive and
uncomfortable. The screening procedure also takes a
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long time and carries a risk of complications,
including bleeding and perforation of the colon.

Computed Tomographic Colonography (CTC) has
been shown to be a feasible approach for effective
colorectal cancer screening [7] since there is no risk
of bleeding or colon perforation and the performance
is at least as good as optical colonoscopy [8,9].
Physicians hope it will encourage more people to be
screened for colon cancer.

However, the accuracy and efficiency of viewing
hundreds of CT images per examination is limited by
human factors, such as attention span and eye fatigue.
The review of hundreds of images for each patient is
tiring and time-consuming. This is where computer-
aided detection (CAD) can be of help [10].

For computer-aided polyp detection (CAPD), a
general algorithm consists of two phases: creating the
initial polyp candidates and then a reduction of these
candidates by eliminating the false positives. Previous
algorithms for creating polyp candidates used the
thickness of the colonic wall [11], CT attenuation and
surface topology [12,13], shape index and curvedness
[14,15,16], surface normal vector [17], curvature [18]
and spherical fitting [19]. To reduce the identified
candidates by eliminating false positives in the second
phase, support vector machines [20], neural network
classifiers, self-organizing maps, and multiobjective
evolutionary techniques [21] were applied based on
the features of the polyp candidates from the first
phase.

The first phase of CAD systems has become more
focused over the last decade and these techniques can
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now reasonably generate polyp candidates, including
all true positives bigger than 6mm. However these
methods suffer from severe false positive readings
due to their inability to correctly distinguish polyps
from other colonic shapes such as folds, residual
materials, etc. Therefore, the second phase of CAD
should be more attractive for research.

The second phase of CAD consists mainly of
classification tasks, and the classifications of CAD
usually adopt the algorithms mentioned before that
are based on local properties such as shape index,
curvedness, edge distance, and the intensity and
curvature on each voxel. Such classification, based
only on these local properties, produces large false
positives, and overcoming this problem is the main
topic addressed in this paper.

This paper focuses on the second phase (classification
or reduction of false positives). Although there are
many features used for classification in CAD systems,
the systems are essentially based on the difference
between the shape of polyps and folds. This paper
presents an explicit parametric model for the various
shapes of polyps. The model captures the overall
shape of the polyp and is used to derive the
probability distribution of features relevant for polyp
detection.

In the domain being investigated polyps are regular,
cup-shaped artifacts that are all protrusions from the
colonic wall. The regularity in their appearance allows
their variation to be well-mapped by spheroid models
(shown in more detail later in Figure 2). Their
variation is shown in their height from the colonic
wall which influences the degree of their curvature at
different heights, and their degree of roundness
(circular to elliptic) at the base of the cup where it
meets the colonic wall.

We use two subvolume databases of polyp candidates
(which include true positives and false positives). The
first phase affects the second phase substantially, but
as there are no perfect colon segmentations, electronic
colon cleansing, or polyp candidate generation
methods, and as the classification phase depends on
these results from the first phase it may not provide
perfectly accurate results. Therefore, we present a
novel method and this method will be evaluated by a
reliable polyp candidate database.

2 Survey of Prior Work

The literature proposes a large number of CAD
algorithms for polyp detection. The work of Vining et
al. [11] was the earliest attempt at automated polyp
detection. They used the thickness of colonic wall and
detected regions with abnormal wall thickness as
polyps. Their method achieved 73% sensitivity with 9
to 90 false positives per dataset (FP/dataset). Yoshida
and Nappi. [14] identified candidates using the shape
index of each voxel, curvedness, directional gradient

concentration, and quadratic discriminant analysis of
small volumes of interest. They -classified the
candidates using fuzzy clustering to distinguish
polyps from healthy tissue. They reported 89%
sensitivity with 2 FP/dataset. Kiss et al. [19]
combined the intersection of surface normals and
spherical fitting to detect polyps. They produced 85%
sensitivity for polyps larger than 6mm with 2.82
FP/dataset. They also found that surface curvature
methods have a small number of false-positive
findings, but at the same time have a very low polyp
detection rate. On the other hand, the surface normal
method has a high detection rate, while generating a
lot of false-positive findings. Paik et al. [17] proposed
the surface normal overlap method which evaluated
the local convexity of the colonic wall using the
normal intersection. They suggested that the normals
at the surface intersect in a concentrated area within
the hemispherical polyp. Summer et al. [12,13] used
the mean, the Gaussian and the principal curvatures,
and the sphericity ratio to identify polyp candidates.
The sensitivity of their technique varied between 29%
and 100%, with 6 to 20 false positives per dataset.
Huang et al. [21] computed curvatures by fitting cubic
splines and quadratic polynomials to the surface
instead of the Gaussian kernel method. Wang et al.
[22] computed two global curvatures at each voxel by
integrating each of the two principal curvatures along
the principal directions. Bogoni et al. [23] and Taylor
et al. [24] proposed proprietary CAD algorithms for
polyp detection. Pilkinton et al. [25] smoothed the
image data with edge-preserving filters. They found
that the smoothing did not result in a statistically
significant increase in sensitivity. Gokturk et al. [20]
designed a method based on the observation that the
bounding surfaces of polyps are usually not exact
spheres but are often complex surfaces composed of
small, approximately spherical, patches. All of the
above are first phase CAD methods.

The second phase of the CAD algorithms attempts to
reduce the false positive (FP) identified by the first
phase. In most of the methods above, curvature and
curvature-based measures are the features most
commonly used for classification. In particular, some
[12,13,14,15,18, and 28] built explicit models with
different degrees of complexity for the ranges of
curvatures observed in colonic polyps and folds, and
occasionally in the colon wall itself. However,
whereas folds and polyps are modelled through highly
sophisticated schemes, the colon wall is either
altogether omitted or simply mentioned as region of
low curvature. Gokturk et al. [20] used a support
vector machine. They obtained candidate subvolumes
from the first CAD phase, and then computed random
triples of orthogonal cross-sections as feature vectors
of the subvolumes. The subvolumes are classified
using the support vector machine. Acar et al. [26] also
used the displacement of edges in sequential cross-
sections to reduce False Positives.
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Figure 1. The brilliant sphere

9 at the meridian, and go down to
10 at the third meridian, so on.

3 Background

Most of the previously proposed methods assumed the
shape of a polyp is close to a spherical cap. This
assumption often leads to incorrect classification of
large polyps as folds since the shape is a long
ellipsoid. The shapes of polyp are protruding bulbous
and elliptical formations and they vary in shape and
size, but all shapes are limited to being a cap-like
shape.

The recognition of these shapes is often performed by
methods related to the Hough transform, but this
method quickly leads to high dimensions and reduces
efficiency. The extended Gaussian image (EGI) [27]
can overcome the drawback of the Hough transform.
The basic ideas of the method for different shapes are
as follows:

In a flat plane every point maps to the same point on
the unit sphere.

An elliptic paraboloid maps to either the upper or
lower hemisphere of the unit sphere.

A sphere simply maps to cover all over the unit
sphere.

However, both the Hough transform and EGI methods
are unable to distinguish between folds and the polyps
because the methods fail to grab the local property
and the global properties at the same time. So the
methods are not flexible when exposed to the various
cap shapes and sizes of the folds and the polyps. In
addition, there is no clear concept to enable
interpretation of the EGI for such complicated shapes.

There is one well-known and certain characteristic
for the shape of a polyp. It is a cap-like shape, and it
contains a top (or roof) and walls. The top and walls
are well connected to each other, meaning that there
are no holes between them. If the object is a cube-like
cap, the object has 5 parts (the roof and four walls).
Hence, the normals are given as:
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Figure 2. Spheroid models for polyps
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where the normals are represented by the directions in
spherical polar coordinates(g,,6,,), when m and n

are the degree in 3D. For example, the normals from
the roof are ¢ = 180° and € = 0° and the normals
from the south wall are ¢ = 0° and €= 270°. Because
this object is a cube-like cap, the area of each side
consist of a similar number of triangular surfaces, so
the portion of the number of normals of one side
against the number of normals of whole surface is 1/5,
and this portion can be obtained for other sides as
well. Therefore, the sequence of normals (¢@,6) and the
number of normals for each side can define the shape.
We call these properties glocal properties since the
properties grab both the global information and the
local information of the object. However, the polyp is
not as simple a shape as was used for this example. In
the domain of interest its shape is represented by the
spheroid models of Figure 2, so we use a unit sphere
to represent the glocal information of the polyp. We
refer to this sphere as a brilliant sphere since the
sphere grabs the glocal information. The brilliant
sphere is shown in Figure 1.

4 Materials

An evaluation of the proposed procedure was
performed using the subvolumes of the polyp
candidates extracted from a public database
(WRAMC). This database has ground truths which
were marked by expert radiologists and confirmed by
optical colonoscopy. The complete WRAMC
database comprises many images, but unfortunately
the database ground truth is provided as a distance
from the rectum along the colon centerline only, and
the precise location of polyps in this dataset must still
be determined by an expert. The text annotation of the

database might indicate that there is a polyp at the
splenic flexure; however this part sometimes is not
clearly visible.

It is therefore very difficult to use this database and
evaluate the algorithm without knowing the exact
locations of the polyps. This means it is not accurate
in establishing the false positive and the false negative
rates.

Therefore, we first use our proposed system to
produce initial polyp candidates, and then these
candidates are manually classified into the polyp
database and the non-polyp database by two
experienced computer scientists who have worked in
medical imaging for many years. The initial candidate
generation system is based on the similar concept of
the surface normal overlap (SNO: Paik et al. [17]) and
Kiss et al. [19]. Surface normal methods exploit the
fact that normals to the colonic surface intersect with
neighboring normals depending on the curvature
features of the colon. The hypothesis of these kinds of
methods is that polyps have a high normal
intersection incidence due to their spherical nature.
However, the surface of the colon is very irregular,
including the smooth colonic wall, haustral folds, and
polyps. Therefore, these methods have a problem
creating good quality polyp candidates as the polyp
candidates possibly include other close, or far, colon
structures. Our system uses lengthened normals, so
the algorithm detects the converging area of the
normals by the detection of dense endpoints of the
lengthened normals. We used various lengths of
normals for the detection of various sizes of polyps.
Bigger polyps can be detected by long lengthened
normals, and smaller polyps can be detected by short
lengthened normals, so the algorithm increases
sensitivity but also increases the number of false
negatives.
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The polyp database includes 43 polyps with sizes
ranging from 3mm to 24mm and polyps are not
double counted from supine and prone images. The
non-polyp dataset includes 1000 subvolumes and
some of these are duplicated from supine and prone
images. Some of the subvolumes were duplicated
from the same location in an image but extracted by
the different parameters of the system.

5 Methods

5.1 Mapping between normals of
candidates surface and the unit
sphere

The unit normals (¢, 6) are obtained from each point
Py(x, y, z) on the candidate surface and these normals
are mapped onto the unit sphere by moving its tail to
the center of the unit sphere and its head to the surface
of the unit sphere (see Figure 1.b and 1.c].

5.2 Partitioning of the unit sphere

The unit sphere is divided into partitions. There is a
method to partition the unit sphere into equal surface
areas [29], but we are more concerned about the
directions rather than the surface areas. As Figure 1.c
shows, 24 equal areas on the unit sphere are a bit
irregular to catch the orientations of the normals
between meridians. Therefore, we re-partition the
sphere into 26 regions. We define 6 to be the
azimuthal angle in the xy-plane from the x-axis, with
0 < 6< 27, and define ¢ to be the polar angle from the
z-axis, with 0 < ¢ < 7 The polar angle is divided into
5 meridians, and the azimuthal angle is divided into 8
regions at the 2™, 3" and 4™ meridian. The 1* and 5™
meridian include the North Pole and the South Pole,
and each meridian is one region. Therefore, the unit
sphere is divided into 26 regions as shown in Figure
1.e. These partitions are labeled 1 to 26 running from
the North Pole to the South Pole (see Figure 1.f).

5.3 Brilliant Sphere

The unit sphere with the surface normals of the
candidate is combined with the partitioned sphere,
and this sphere is called the brilliant sphere. Each
partition of the brilliant sphere contains the number of
normals of the surfaces of the candidate. If the portion
of the number is greater than a chosen threshold, the
candidate includes a side with the partition’s
orientation. If the partition does not have any normals,
the candidate does not include a side against the
directions in the partition. As Figure 1.g shows, the
red small dots in the partitions represent that the
partitions are occupied by a certain number of
normals.

From these occupied partitions, the observation
sequences (O) are obtained. The reading algorithm

always starts from the first partition (labeled by 1) and
reads all normals (¢,6). If this partition is occupied, it
comes down to second partition (labeled by 2) at the
second meridian and then reads the normals. If this
partitions is occupied it circles anti-clockwise to read
the normals from the occupied partitions.

The observation sequences (O) are given by:

26 n

0=U{9,.0,} = {(411,61), (#12.612) ..., (S50, Ohen)}

i=1 j=1

where 7 is the number of normals at i’™ partition. The
observation sequence will be classified by Hidden
Markov Models. The classification algorithm will be
presented in the next section.

5.4 Classification of the polyp

candidates
5.4.1 The model parameters estimation of
HMM

Generally, the model parameter estimation problem is
how to adjust the HMM parameters so that the given
set of observations, O, are represented by the model in
the best way for the intended application. We create
20 models (as in Figure 2) that are suitable to
represent various shapes and sizes of polyps. The
models are based on an ellipsoid in the xyz Cartesian
coordinate system which is:

2 2 2
X y z -1
2 2 2

b c

a

where a and b are the equatorial radii (along the x and
y axes) and c is the polar radius (along the z-axis).
There are 5 possible shapes defined by variations of
the a, b, and c radii. If all three radii are equal, the
ellipsoid is a sphere and the sphere is the one of the
models (MS). If two radii are equal, the ellipsoid is a
spheroid and we model four spheroids: MO1.5: a="b
< ¢ with ¢ = 1.5b; MO2: a=b < ¢ with ¢ =2b; MP1.5:
a=c<bwithb=1.5¢c; and MP2: a=c <b withb =
2c. Based on these five models, four models are
formed for each model. They are MS, MO1.5, MO2,
MP1.5, MP2: whole shape (z > c), MS%, MO1.5%,
MO2%, MP1.5%, MP2%: 3/4 of the whole shape (z >
3/4c), MSY, , MO1.5%, MO2%,, MP1.5',, MP2Ys: half
of the whole shape (z > 1/2¢), and MS%, MO1.5%,
MO2Y%, MP1.5%, MP2Y%: a quarter of the whole
shape (z > 1/4c). For each model, the normals are
calculated and map onto the brilliant sphere, then the
observation sequences for each state are obtained. The
mean and variance estimators are calculated to
compute the parameters of the Gaussian density
associated with each state. The transition matrix is
also determined using the Baum-Welch algorithm.
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Figure 3. Examples of True Positives, False Positives, False Negatives

5.4.2 Classifications

The likelihood of an observation sequence O = {x,,
Xa,...,XT} With respect to a HMM with parameters ©
is calculated as follows:

p(X | @) = ZeverypossibleQ p(X’Y | @)

This is the sum of the joint likelihoods of the
sequence over all possible state sequences allowed by
the models. If any of models gives the highest
likelihood to the polyp candidate, and the highest
likelihood is greater than some threshold, then the
candidate is assumed to be a polyp with a shape
similar to that of the model.

Each polyp candidate is a sequence of spherical polar
coordinates O = {(¢,6)), (¢,6),..., (#,,6,)} where n
is the length of the sequence and also the number of
the triangular surface of the subvolume. These
coordinates are mapped onto the brilliant sphere and a
sequence of states is produced. The top of the polyp
should be mapped to the North Pole of the brilliant
sphere. Therefore, we translate all mapped
coordinates on the brilliant sphere to match the mean
coordinate to the North Pole of the sphere. Then, the
log-likelihood of the sequence is computed based on
our 20 HMMs using the forward and backward
algorithm. If the highest log-likelihood among the
results is greater than our selected threshold, the
candidate is selected as a polyp. In our system, we
used the Gaussian probability density function and a
threshold of -1.5.

6 Experimental Results

An evaluation of the proposed procedure was
performed using the subvolumes of the polyp
candidates extracted from a public database
(WRAMC). We randomly selected 37 patients and the

detection sensitivity was calculated according to the
diameter of the polyps. The mean performance across
the test sets in detecting “clinically significant”
(where the diagnosis confidence is 2 or 3) colonic
polyps are given below. 13 polyps were detected that
are bigger than, or equal to, 10mm in diameter. The
sensitivity is 100% in this group and there are no false
negative. 19 polyps were detected that are bigger than,
or equal to, 6mm in diameter and the sensitivity of
this group is 91% with one false negative. 8 polyps
were detected that are smaller than 6 mm in diameter
and the sensitivity of this group is 67% with 2 false
negatives. There are two false positives (see Figure
3)

7 Discussions

This paper proposed an explicit parametric model for
automated detection of polyps that is useful in the
reduction of the number of polyp candidates identified
that are false positives. The model captures the overall
shape of the polyp and is used to derive the
probability distribution of features that are relevant
for polyp detection. The probability distribution also
represents the glocal properties of the polyp
candidates.

The proposed algorithm generated two false positives
(ve371supine and vc072 supine in Figure 3). These
look like polyps but their locations are not in the text
annotations in the WRAMC database. This means that
the algorithm has detected a shape that is similar to a
polyp but the human expert has not classified it as a
polyp. This needs to be investigated further with
radiologists to examine the reason for their exclusion
as polyp candidates. There are three false negatives
and these are small and flat (see Figure 3). However,
it should be noted also that it is a very challenging
problem to detect polyps that are both small and flat.
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The partitioning decisions for the brilliant sphere also
need to be discussed. There are many ways to equally
divide the surface of a sphere. However, the brilliant
sphere is based on the directions (¢,6) of the normals,
so it is better to partition the sphere based on these
directions. Another issue is the number of the
partitions on the brilliant sphere. If there are too many
partitions set to try and catch detailed local
information, the state sequence obtained from the
brilliant sphere does not truly represent the object as
the global information of the polyp is too spread out.
If a small number of partitions are set on the brilliant
sphere to capture the global information of the object,
it loses a lot of local information. We empirically
select 26 partitions. There is one region around the
North Pole, one around the South Pole, and between
them we divide the sphere into 3 meridians. The
middle 3 layers, which are parallel to the xy plan,
could be divided into 4 directions such as (positive x,
positive y), (positive x, negative y), (negative x,
positive y), and (negative x, negative y). However,
this dividing is only wuseful for cubic shapes.
Therefore, we divide each of the above 4 directions
into 2 directions, so the partitions capture the
information of flat shapes, and of curved shapes.

The HMM is often used in finding patterns which
appear over a space of time, however we only use the
HMM to find patterns which appear over the
partitioning unit sphere (brilliant sphere). We adopt
the Hidden Markov Model (HMM) to utilize the
Markov property of our classification method, which
is the probability of a given state coming up next
PR(x=S;), and this may depend on the history prior to
t-1. This property allows our algorithm to detect any
irregular cap shaped polyps and also various sizes of

polyps.
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