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Abstract— Partial volume effect (PVE) and tagging
inhomogeneity are two major causes of artifacts in electronic
cleansing (EC) for fecal-tagging CT colonography (CTC). Our
purpose was to develop a novel method called “virtual tagging”
for electronic cleansing in dual-energy fecal-tagging CTC. A
three-material decomposition scheme was first applied in dual-
energy CTC to decompose each voxel into a mixture of air, soft
tissue, and iodine-tagged fecal material. The entire colonic
lumen was then marked by virtually tagging the mixture
portion of luminal air at each voxel. As a result, colon lumen
including air and tagged materials was segmented and
subtracted by their high values in virtually tagged images. Our
virtual tagging scheme provides a cleansed colon that is free
from artifacts caused by the PVE at air-tagging mixture and
inhomogeneous tagging.

[. INTRODUCTION

Fecal tagging in CT colonography (CTC) is a promising
method for differentiating residual feces from colonic soft-
tissue structures in CTC images by ‘marking’ fecal materials
using an oral contrast agent (iodine or barium). Electronic
cleansing (EC) of the colon is a promising technique for
removing the tagged fecal materials in CTC images to
‘virtually’ cleanse the colon after image acquisition.

Partial volume effect (PVE) is a mixture of CT numbers
(attenuation values) of multiple materials in a single voxel. A
typical mixture in CTC caused by PVE is air-tagging
boundary (AT-boundary), which is a mixture of air and
tagged fecal residues. AT-boundary represents a wide
spectrum of CT values typically ranging from -800 HU to
600 HU. This air-tagging mixture not only have CT values
significantly overlapping with that of soft-tissue structures,
but also may have gradient values that are close to those of
soft-tissue structures [1]. Most existing EC methods tend to
use gradient-based approaches to detect an AT-boundary.
However, such methods tend to erroneously remove a part or
the entire thin soft-tissue structure (colonic folds or wall) that
is sandwiched between tagged region and air lumen, which
we call air-tissue-tagging layer (ATT-layer), or preserve a
part or the entire AT-boundary, especially when the tagging
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Fig. 1. Demonstrations of EC artifacts. (a) False-fistula caused by
the over-cleansed air-tissue-tagging layer (ATT-layer). (b) Pseudo-
soft-tissue structures caused by the uncleansed air-tagging mixture
at the air-tagging boundary (AT-boundary).

(b)

level is low or at the junctions at which AT-boundary hits the
colonic wall. The former causes the degradation (such as a
false fistula) of the thin colonic wall and folds, and the latter
creates pseudo soft-tissue structures, as demonstrated in Fig.
1. To address these artifacts, advanced methods, such as the
local roughness analysis method [1] and the statistical
classification method [2], have been proposed. However,
these solutions are heuristic and incomplete because PVE is
an ill-posed condition in single-energy CTC images, which
cannot be completely solved as far as the conventional
single-energy CT images are used.

Dual-energy CT (DE-CT), which recently became widely
available in clinical practice thanks to the technical advances,
such as dual-source and fast kVp switching, provides a
theoretical means of solving the material mixture by an
analysis of two attenuation values acquired simultaneously at
two photon energies (such as 80 kVp and 140 kVp) [3, 4].
This material decomposition ability in DE-CT works
especially well in materials that have a K-edge energy close
to the peak energy of the diagnostic CT imaging [5, 6], such
as iodine. lodine is a commonly used orally administered
contrast agent in fecal-tagging CTC [7], and it is generally
known to have strong enhancement at a low photon energy.
Applying DE-CT to fecal-tagging CTC image acquisition,
denoted as DE-CTC, provides a means of identifying the
material mixtures, and thus can fully address these artifacts in
EC [8-10].

In this study, we developed a dual-energy EC (DE-EC)
scheme for minimizing the EC artifacts caused by the PVE
and tagging inhomogeneity. This approach employed a novel
method called “virtual tagging” (VT) that virtually marks the
entire colonic lumen by tagging the luminal air and its
mixture at each voxel in DE-CTC images to distinguish air-
tagging mixtures from those of soft-tissues structures. As a
result, colonic lumen, including air and tagged materials, was
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segmented and subtracted by their high VT values. Our DE-
EC scheme may provide a cleansed colon that is free from
artifacts caused by the PVE at air-tagging boundary.

II. METHODS

A. Three-material Decomposition in DE-CTC

In DE-CTC scanning, there are two CT values at a
point x, ul(x) and u’(x), which are the CT values at low
(80 kVp) and high (140 kVp) energies, respectively. Suppose
that the material at each voxel, m(x), is a mixture of three
base materials m,, m,, and ms:

m(x) = p;(x)my + p,(X)m, + p3(x)ms , 1)
where p; is the mixture ratio of material m;, and it satisfies
p1+p+ps=1

Thus, the CT value of the voxel at low and high energy
can be represented by Equation (2):

uk(0)) _ U, U, U,
(o) =m0 (it )+ (e )+ (5).
where (ui‘ni, u,ﬁ’li) are two CT values of material m; at low
(80 kVp) and high (140 kVp) energies, respectively.

Consider a triangle m;m,m; defined by three vertices
ml(u7l‘;11a uTI;Ill)a mZ(ufnZs uﬁlz)a and m3(u7l‘;13a uTI;Il3)' The
mixture ratios p;, p, and p; in Equation (2) are the
barycentric coordinates of this triangle that can be calculated
in terms of the triangle areas A;, 4, and A;, as illustrated in
Fig. 2.

Therefore, we may form an equivalent linear system

e m; (0,0,1)

CT-Value (HU) u*

‘ Z (0,1,0)

d
m; (1,0,0)

CT-Value (HU) u*!

Fig. 2. A triangle is given by three points mmym;. The
barycentric coordinates of a point m with respect to the triangle
mmym;z are defined in terms of ratios of triangle areas: A;, 4,
and A43.

based on Equations (1) and (2):

U, U\ [P1(R) ub(x)
ﬁl 22 u% p.(x) | = <uH (x)) 3)
1 1 1/ \;:® 1

By solving this liner system in Equation (3) using
Cramer's rule, and by recalling that the determinants
correspond to the signed areas A, A,, and A, as illustrated
in Fig. 2, we get,

A A A
pL = 1/A,Pz= Z/A,p3= 3/A’ 4)
where A is the signed area of triangle m;m,ms.

Indeed, p;, p,, p3 sum to 1 and the three vertices have
barycentric coordinates, m;(1,0,0), m,(0,1,0), and

m3(0, 0, 1). Also, points inside the triangle have positive p;;
and points outside the triangle have at least one negative
coordinate.

In CTC, we set three base materials to air (m,), soft tissue
(m,), and iodine-tagged fecal residual (m5). Thus, each voxel
may be decomposed into a mixture of these three materials.

B. Adaptive Classification

CT values of air and soft tissue at different energies can
be calculated using NIST XCOM program [11] with the input
of manufacturer supplied effective photon energies of the
scanner, such as 51.3 keV at 80 kVp and 91.0 keV at 140
kVp for SOMATON Definition Flash (Siemens Healthcare,
Germany).

However, there is a large variability in iodine-tagged
fecal residue in the DE-CTC data due to the different tagging
levels at different parts of the colon. To account for the local
tagging level of iodine, we compute the local CT value
(Utagging> Utngging) Of iodine-tagged fecal residuals using a
3D bounding box automatically defined in an isolated tagged
region.

The bounding box is calculated in 140 kVp images,
which has lower noise than that of 80 kVp. To separate
individual iodine-tagged regions in the colon, we apply a
morphological opening operator for the removal of weak
connection in the tagging components. Then, a minimum
bounding box B; is calculated for each separated region V; by
defining the box to be:

min {x;} < x < max {x;}
min {y;} <y < max {y;} (5)
min {z;} < z < max {z;}

where each voxel v;(x;, y;, z;) € V;.

Within each bounding box B;, a homogeneous tagging
mask is calculated under the condition that the gradient
magnitude has less than a pre-defined threshold, such as

u(x) > 200 HU and |Vu(x)| < 300.

In each bounding box B;, the mean CT values
(Utagging> Utngging) Of the iodine-tagged region within the
homogeneous tagging mask are calculated as the local CT
value of the iodine-tagged material.

Thus, for each voxel v;, the local (Ufsgging Utngging) OF
the nearest bounding box B; were employed in Equation (3)
under the following conditions:

o ifv; € By, then (Ufagging, Utagging) OF B; Was selected.

o if v; € B; then the (Ufagging, Uthgging) Of the B; that has
the nearest distance was selected. The distance between
v; and B; was calculated based on the surface of the
bounding box.

C. Virtual Tagging

Virtual tagging (VT) is a means of marking the entire
colonic lumen on DE-CTC images, including air and tagged
fecal materials, as well as their mixture in the colon, to
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differentiate soft tissue from air-tagging mixture caused by
the PVE, and thus reducing the cleansing artifacts.

Suppose that (p;, p,, p3) is the mixture vector at voxel v;.
Virtual tagging recalculates the CT value of each voxel
u"T (x) using Equation (6) with a pre-defined CT values of
uyh for air, ugf for soft tissue, and ufjp,,, for tagged
material. For the purpose of tagging the entire colonic lumen,
we set both air and tagged materials having higher CT values,

whereas soft tissue has CT values of zero.

u’T(x) = Pair(x) - u'gITK“ + psr(x) - ug%+ptagging(x) . u'géging 6)

where we set /. = 600 HU, u4F=0 HU, and v = 500 HU.

Fig. 3(c) displays a VT image of Fig. 3(a) and (b). We
observed that the AT-boundary was virtually tagged and
differentiated clearly from the soft-tissue structures in the VT
image of Fig. 3(c). In addition, we observed that the air
bubbles submerged in the tagged region were virtually tagged
and the tagging inhomogeneity was significantly reduced in
the VT image.

D. Hessian Response of VT Image

We applied the structure-analysis EC scheme (SA-
Cleansing) [12] for cleansing the virtually-tagged colon
lumen. The SA-Cleansing scheme uses the local morphologic
information to classify the submerged soft-tissue structures
while removing the tagged materials. Specifically, in the VT
images, we use the eigenvalue signatures of a Hessian matrix
to enhance the submerged fold-like and polyp-like structures,
whereas other structures were de-enhanced and thus may be
subtracted from the CTC images.

Morphologically, folds and polyps submerged in the
tagged regions present rut-like (concave ridge) and cup-like
(concave cap) shapes because the surrounding tagged
materials have higher CT values than do those for soft-tissue
structures. Based on the eigenvalue signatures that are
characteristic of folds and polyp structures, a cup-
enhancement function (F¢yp) and a rut-enhancement function
(Fryt) were formulated [12], so that their product had a high
response from submerged polyps and folds. In Fig. 3(d), we
demonstrated the Hessian response of Fig. 3(c). We observed
that Hessian response filed could preserve well the
submerged folds and polyps.

E. DE-EC Scheme

We have developed a DE-EC scheme for fecal-tagging
DE-CTC that was performed in a 3D manner. The DE-EC
scheme consists of the following five steps: (1) initial
segmentation of the colon [12], (2) virtual tagging of the
colon using three-material decomposition, (3) computation of
Hessian response field in virtual-tagged images, (4)
segmentation of tagged regions based on the level set
method, and (5) replacement of the tagged regions that are
segmented in step (4) with air, followed by reconstruction of
the colonic wall submerged in tagged regions.

To segment the tagged materials precisely and
subsequently remove (cleanse) them from the colonic lumen,
we employed a level-set method combined with the gradient
field (G) and the Hessian response field (H) from the VT
images. The level-set front is initialized by the classified
tagged regions, and it is evolved by use of the partial
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Fig. 3. Illustration of virtual tagging and electronic cleansing of a
pig colon in DE-CTC study. (a, b) A pair of transverse DE-CTC
images at (a) low energy of 80 kVp and at (b) high energy of 140
kVp. (c) Virtual-tagging image for (a) and (b). Both the air-
tagging mixture and the air bubbles submerged in the tagged
fecal materials are virtually well-tagged. (d) Hessian-response
image of (c). (¢) Fused image of (a) and (b), in which 30% of the
80 kVp images are mixed with 70% of 140 kVp images. (f) The
cleansed image of (e) after the application of the DE-EC scheme.
The red arrows pointed at two polyps submerged in the tagged
materials before (e) and after (f) the application of the DE-EC
scheme.

differential equation shown below:
0D/0t = —(Fy(x) + Fz(x) + F5)|VO| . 7

Here, x is the point on the level-set front. F' is a speed
function, for which we employ a conventional threshold
speed function [17]. This evolution equation has two speed
functions from images: the speed function of image
gradients, F;(x), and the speed function of the Hessian
response field, Fy(x). These speed functions are balanced
with Fg, which is a smoothing term of the shape of the level-
set front that is proportional to the mean curvature flow,
Fs o« V(VD/|V®]), ensuring the numerical stability of the
forward-in-time, centered-in-space solution of the partial
differential equation [13]. With use of these speed functions,
the level-set front becomes sensitive to soft-tissue structures,
whereas it is insensitive to the tagged regions. Thus, tagged
regions are segmented and removed with the air-tagging
boundaries, whereas the soft-tissue structures are preserved.
Fig. 3(f) demonstrates the effectiveness of the DE-EC
scheme in cleansing the air-tagging mixture and
inhomogeneous tagging in Fig. 3(e).

III. RESULTS

Twenty-three patients underwent a 24-hour bowel
preparation with a low-fiber, low-residue diet, oral
administration of 50 ml non-ionic iodine (300 mg/ml
concentration of Omnipaque iohexol, GE Healthcare,
Milwaukee, WI). DE-CT scanning (SOMATON Definition,
Siemens Healthcare, Germany) was performed at tube
voltages of 140 kVp and 80 kVp with automatic dose
exposure control module (CARE Dose 4D) in both supine
and prone positions. For both supine and prone scanning, we
used the soft tissue reconstruction kernel (B30f), and a 0.625

3738



mm slice reconstruction interval. In total, there were 48
pathology-confirmed polyps >6mm, in which 7 polyps were
submerged in the tagged materials.

After the application of proposed DE-EC scheme, initial
evaluation showed that the EC artifacts were significantly
reduced. We observed 0 to 1 minor EC artifacts per case
compared to the 5 to 6 significant EC artifacts in previous
single energy EC methods. In addition, all submerged polyps
were clearly visualized without EC artifacts.

Fig. 4 demonstrates comparisons between our DE-EC
scheme and two single-energy EC packages: a commercial
EC package and our previously developed SA-Cleansing.
Both single-energy EC packages were performed on the
fused DE-CTC images. Fig. 4(a) and (b) were generated by
the commercial EC package. Here, we observe that both
images suffered from EC artifacts, such as broken folds,
deformed polyps (marked by the viewing box), false fistula,
as well as false patch. Fig. 4(c) and (d) were created by the
SA-cleansing scheme. EC artifacts were reduced significantly
by use of morphological analysis. However, a thin layer
cause by PVE was missed and displayed. Fig. 4(e) and (f)
were generated by the DE-EC scheme, in which both images
were free from any types of EC artifacts.

IV. CONCLUSIONS

In our study, we observed that the virtual tagging of colon
using DE-CTC images provides us an effective means to
remove EC artifacts caused by the air-tagging mixture and
tagging inhomogeneity. Initial evaluation of the results based
on the pig colon and clinical cases showed that our DE-EC
method can effectively differentiate soft tissue from air-
tagged mixtures; thus, it provides an artifact-free
visualization of the colonic lumen for fecal-tagging CTC.
Our new method is potentially useful for efficient reduction
of the EC artifacts, leading to cleansed CTC images of
diagnostic quality.
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