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Abstract

CT colonography (CTC) is a rapidly evolving technique
to screen for colorectal polyps. Fecal residue may oc-
clude or, reversely, mimic polyps. Electronic cleans-
ing aims at removing contrast-enhanced fecal residue
from the image. However, thin layers of soft tissue (the
colon wall or a fold) or residue are easily misclassified
by current electronic cleansing methods, thereby caus-
ing holes in the colon wall or other artefacts that ham-
per visualization and automated detection. We present
a thin layer model to detect and characterize such lay-
ers to support electronic cleansing. It is demonstrated
that the model sustains robust estimation of the location
and thickness of such a layer. Such thicknesses of thin
layers were measured in real data sets. A lower bound
on the thickness of such layers exists and was found to
be 1.0 mm for our data.

1. Introduction

Adenomatous colorectal polyps are important precur-
sors to colorectal carcinoma. Computed tomography
colonography (CTC) is a rapidly evolving technique
that is advocated to screen for such polyps. The prepa-
ration of patients who undergo CTC often consists of
cathartic cleansing and the oral administration of a con-
trast agent for fecal tagging. Subsequently, the patient
undergoes CT scanning prior to which the colon is dis-
tended by insufflation with room air. Several ’electronic
cleansing’ algorithms were introduced to automatically
segment the colon surface from this data and to facili-
tate a 3D endoluminal view into the colon [8, 10, 11].
All these methods focused on data from patients who
had undergone extensive cathartic cleansing.

Current research aims at increasing the patient’s
compliance by minimizing the patient preparation.
However, omitting the cathartic cleansing complicates
the segmentation procedure. Due to the partial volume
effect, thin layers of soft tissue surrounded by residue
on the one side and air on the other are hard to segment.
Likewise, thin layers of contrast-enhanced fecal residue
adhering to the colon surface cause a similar problem.
The problem of the detection of soft tissue in the pres-
ence of fecal residue was studied before in [3], but none
of the electronic cleansing algorithms have addressed
the problem of thin layers explicitly. Nevertheless, thin
layer characterization was studied in other CT appli-
cations [1, 4, 5, 9]. All these approaches involved a
model-fitting procedure to find the thickness and posi-
tion of the layer.

This paper describes a novel segmentation method
that estimates these features directly from the observed
data. Moreover, the potential benefit for CTC will be
shown.

2. Cleansing of CTC Data

The data may be asserted to comprise three types of ma-
terials: air (A), soft tissue (T) and tagged residue (R).
The mean intensities of these materials will be denoted
by IA, IT and IR respectively. Effectively, electronic
cleansing estimates the volume fractions of these mate-
rials in each voxel [8]. Subsequently, the colon surface
may be segmented by the isosurface of 50% soft tissue.

A previously proposed approach to cleansing of CTC
data was based on tissue classification using the mea-
sured intensity I and the gradient magnitude Iw in the
gradient direction [8]. These features form a rotation
and scale-invariant feature space as shown in Fig. 1(a)
(in which σw represents the effective scale of measure-
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Figure 1. (a) Scatter plot of the intensity
and scale-invariant gradient magnitude of
voxels. The arches represent the three
types of edges. (b) The material fractions
are determined from the projection of a
voxel onto the arch.

ment and the scale of the point spread function (PSF)
in the gradient direction). Each type of edge (mate-
rial transition) is represented as a different arch-shaped
cloud in this feature space [2]. These arches are de-
scribed by the arch-model [8]. For instance, the A-R
transitions appear as a large arch from IA to IR and can
be modelled by:

Iw

IR − IA
=

σ−1
w√
2π

exp

(
− erf−1

(
I − IM

IR − IM

)2
)

(1)

in which IM = (IA + IR) /2.
To estimate the material constituency of a voxel, a

number of voxels up and down the gradient direction
are sampled. The intensity and gradient magnitude of
all these voxels form a trace in 〈I, |∇I|〉-space. Fitting
the arch model to this measured trace yields the low L
and high H material intensities, which are used to clas-
sify the transition as one of the three types. Projecting
the intensity and the gradient magnitude onto the cor-
responding arch-model yields the material fractions fL

and fH as indicated in Fig. 1(b).
It has been shown that this algorithm produces good

results for all ’pure’ two-material (2M) mixture transi-
tions [8]. However, specifically a layer of soft tissue
between air and residue (an A-T-R transition) is easily
misclassified as an A-R transition if the layer of soft tis-
sue is thin. We seek a model that describes such a thin
layer geometry for segmentation with improved accu-
racy.

3. Thin Layer Model

The novelty of this paper is in the derivation of a math-
ematical description of a thin layer of soft tissue be-
tween air and contrast-enhanced fecal residue. Such a
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Figure 2. (a–b) A thin layer of soft tis-
sue (gray) in CTC data and the phantom
model. (c) Profiles for different thick-
nesses of the layer (dashed) and (d) the
model for the middle of a thin layer with
varying thickness (dash-dotted).

layer in real CTC data is shown in Fig. 2(a). The gra-
dient magnitude |∇I| and the intensity I in the phan-
tom model (Fig. 2(b)) are computed assuming a Gaus-
sian PSF (as done in [8]) with an effective scale σw=1
(notice that consequently σwIw can simply be written
as |∇I|). The traces in 〈I, |∇I|〉-space for different
thicknesses D=σ . . . 4σ of the thin layer are shown in
Fig. 2(c). If the thickness D < σ the profile resembles
the profile of an A-R transition, whereas if the thickness
D > 4σ the profile approximates that of two separate
transitions. Several features for these types of profiles
will now be derived to distinguish a thin layer A-T-R
transition from an A-R transition.

3.1. Description at y = 0

Using the assumption of a Gaussian PSF, the intensity
at the middle of the layer (y=0) is given by

I(y=0;D,σ) = IA

∫ −D/2

−∞
g(y′;σ)dy′

+ IT

∫ D/2

−D/2

g(y′;σ)dy′ + IR

∫ ∞

D/2

g(y′;σ)dy′



with g(·;σ) the Gaussian kernel. Rewriting this leads to
an expression for the intensity given a thickness D:

I(y=0;D,σ) − IM

IT − IM
= erf

(
D/σ

2
√

2

)
. (2)

The gradient of the intensity at y=0 is given by

∇I(y=0;D,σ)=g(
D

2
;σ) [(IR − IT ) + (IT − IA)]

=
1

σ
√

2π
exp

(
− (D/2)2

2σ2

)
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The relation between I and ∇I at y= 0 is obtained from
eqs. 2 and 3 by eliminating D:

∇I(y=0;D,σ)
IR − IA

=

σ−1

√
2π

exp

(
− erf−1

(
I(y=0;D,σ) − IM

IT − IM

)2
)

. (4)

Eq. 4 has the same form as eq. 1, which describes
the arches of 2M-transitions. The only difference is
that the argument of the erf−1(·) function is scaled by
(IT − IM ) rather than (IR − IM ). In other words, the
model delivered by eq. 4 is essentially obtained by scal-
ing the intensity of the arch of a two-material A-R tran-
sition by (IT − IM ) / (IR − IM ). Fig. 2(d) visualizes
this relation between the gradient and intensity (dash-
dotted curve). The dots along the curve indicate the
feature values at y=0 for the thicknesses D=0, 2σ and
∞.

3.2. Geometric Construction

The model for the middle of the layer of soft tissue can
also be obtained by adding parts of the arches of the A-T
and T-R transitions. Fig. 3 illustrates this construction
which consists solely of combining curves that were al-
ready presented in Figs. 2(c–d).

First, one may realize that the difference between the
model of an A-R transition and the model of an A-T tran-
sition is the model of a T-R transition. This can be seen
in Fig. 3(a). Starting from IA and traversing the large
arch ends in the same point as traversing the two smaller
arches one after the other. Moreover, traversing from IA

to halfway an A-R transition is the same as traversing
to halfway an A-T transition and subsequently travers-
ing half of the T-R transition. This is shown geometri-
cally by shifting half of the T-R arch onto the A-T arch
(arrow 1). The same can be done for half of the A-T
transition, which can be shifted onto the T-R transition
(arrow 2).
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Figure 3. (a) Shifting parts of the arches
describing two-material transitions. (b)
Additive behavior of the arch representa-
tion. The model delivered by eq. 4 is con-
structed by adding parts of the T–R tran-
sition model (a–b and d–c) and the A–T
transition model (b–c and a–d).

The two arches that were shifted previously touch
each other halfway an A-R transition. Traversing from
this point along the shifted arches is equivalent to re-
placing either air or residue by soft tissue starting from
the middle (i.e. a layer of soft tissue is grown either ex-
tending into the air or into the residue). This is shown in
Fig. 3(b). Let us start halfway the A-R transition. After
replacing 1σ of residue with soft tissue (curve a-b) and
subsequently replacing 1σ of air with soft tissue (curve
b-c), we will end up in point c. This point is now in the
middle of a 2σ A-T-R transition. This is confirmed in
Fig. 3(b) as point c is on the intersection of the model
of a 2σ A-T-R transition and the model describing the
middle of the layer as derived in the previous section.

To conclude, the profile of the middle of the layer of



soft tissue can not only be constructed by scaling half
of an A-R transition, but also by adding parts of the two
other two-material transitions.

3.3. Feature Retrieval

The objective now is to derive an expression for the
thickness and the location of the thin layer. This is
achieved by determining the intersection of a measured
profile with the curve described by eq. 4. Let us repre-
sent the crossing by 〈I×, |∇I×|〉 (see Fig. 2(d)). Back-
projecting this point into the image renders the location
where y=0. The thickness of the layer may be obtained
by substituting I× into eq. 2. Solving for D gives

D = σ2
√

2
{

erf−1

(
I× − IM

IT − IM

)}
. (5)

Alternatively, D may be obtained as a function of |∇I×|
by inverting eq. 3:

D = σ2
√

2

√
log
(

IR − IA

σ
√

2π|∇I×|

)
. (6)

The two approaches will give exactly the same solution
since 〈I×, |∇I×|〉 lies on the curve given by eq. 4. It
may be noticed that the relation between |∇I| and I at
y=0 will lead to the best resolution in determining D,
because the maximal separation of the thickness profiles
is obtained at y=0 (see Fig. 2).

4. Experiments

The electronic cleansing method described previously
[8] was applied to four CT colonography data sets. All
A-R transitions detected (as described in Section 2) were
examined in more detail. While doing so, only those
transitions were retained that were at least 5 voxels
away from another type of edge. This was done to reject
potential three-material ’junctions’ [6, 7] not complying
to the thin layer model. Furthermore, only objects were
included consisting of more than 10 voxels.

From each object-voxel a trace was generated in the
positive and negative direction of the gradient vector
until the gradient magnitude was smaller than some
threshold. The intensities at the lower side (L) and
the upper side (H) were at the basis to scale the en-
countered intensities into the [0, 1] range. Moreover, all
traces were made invariant to the effective scale of the
measurement by multiplying the sampled gradient mag-
nitude with σw. Finally, a third-order polynomial was
fitted to the transformed samples to represent the profile
around ’y=0’. The crossing point of this polynomial
with the function of eq. 4 was determined, which, in
turn, yielded the location and thickness of the thin layer
under consideration (see Section 3).
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Figure 4. Mean and stdev of estimated
thicknesses of the candidate objects.

5. Results

In total 411 candidate objects were generated of which
80 had a finite measured thickness. From these, 53 can-
didates resided in the large intestine, whereas the other
27 were associated with the small intestine. The latter
fall outside the scope of CTC. 17 candidates from the
53 were found to be heterogeneously composed (by vi-
sual inspection), i.e. they comprised either a mixture
of different geometries, like a fold separating air and
residue and a pure 2M transition (see below for further
treatment of these objects), or they consisted of an in-
compatible geometry like a thin layer of contrast. Thus,
36 candidate objects remained.

The mean measured thickness and corresponding
standard deviation for the 36 candidate objects are
shown in Fig. 4. The standard deviation emanates from
averaging over the traces generated from all the object-
voxels. From the same data sets, the seven largest ob-
jects consisting of traces of ’pure’ A-R material transi-
tions were analyzed. These transitions yielded a mea-
surement of only 0.03 mm and a standard deviation
ranging from 0.8–1.1 mm. The 95% percentile-level
of the thickness distribution was at 1.27 mm. Accord-
ingly, an object is considered an A-T-R transition if the
mean estimated thickness of the soft tissue layer is sig-
nificantly larger than 1.27 mm. Applying this procedure
to the data in Fig. 4 yields a detection sensitivity of 93%
(27/29), and no false positive detections. No previously
discarded candidates were considered to contain a thin
layer of soft tissue (by visual inspection).

The 19 objects consisting of a mixture of geometries
yielded large standard deviations with respect to thick-
ness measurement. These geometries were separated



by an EM-clustering algorithm based on the measured
thickness for each profile and the spatial relation be-
tween the voxels. Fig. 5 shows the results for such an
object (a fold surrounded by air and residue, both are
not shown). Fig. 5(a) shows a cross-section of the ob-
ject. For each voxel, represented by a dot, a trace is
measured and all measurements constituting the traces
are shown in Fig. 5(b). The result of clustering the
traces is indicated by the color. Notice that the grouped
voxels indeed form clusters in x-y space and that the
traces are well separated: one cluster of traces showing
normal two-material A-R transitions (gray) and another
cluster showing thin layers of soft tissue with varying
thickness (black). The calculated thickness was close
to zero for the A-R transition and 1.8 mm for the A-T-R
transition. The latter value may be negatively biased,
though, due to the profiles near the transition area.

6. Conclusions

We introduced a novel method for detection and char-
acterization of thin layers and applied it to CT colono-
graphy data. The technique may preclude erroneously
removing thin layers of soft tissue (sandwiched between
air and contrast-enhanced residue) and disturbing the
topology of an object. A mathematical function was
derived relating the intensity to the gradient magnitude
in the middle of a thin layer as a function of the thick-
ness. Practically, a layer’s thickness was obtained by in-
tersecting a measured curve in 〈I, σwIw〉-space with a
function describing the middle of the layer. We demon-
strated the usefulness of the method by first detection
of thin layers of soft tissue and subsequent estimation
of the thickness of these layers surrounded by residual
matter and air. Observe that the method could equally
well be applied to thin layers of contrast material stuck
to the colon surface and surrounded by air. In future
research, we will include the algorithm in an electronic
cleansing algorithm for CT colonography.
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