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CHAPTER 1

INTRODUCTION

In the US, Colorectal cancer [26] is the third most general cancer and the third
cause of death in men and women. In 2014, there were approximately 136,830 people
with colorectal cancer and 50,310 people died from this disease. These causes of cancers
and deaths could be avoided by following the knowledge of cancer prevention and regular
colorectal cancer screening and standard treatment for all patients. Ten years ago, in the
U.S., there was no prevention and detection of colorectal cancer using colorectal cancer
screening to reduce the number of diagnoses and death from colorectal cancer. Although,
in 2010, people of age 50 or older were recommended to have colorectal cancer screening
but only 59% of them followed the recommendation.

The effective colorectal cancer screening can help to avoid colorectal cancer due to
the capability of polyp detection in the colon and rectum. However, not all of the polyps
become cancer but polyp removal can prevent cancer from developing. Moreover, the
colorectal cancer screening can possibly detect colorectal cancer at an early stage after
it has developed which increases the chance of curing. This curing is more pleasant and
it heals faster. To reduce the risk of developing and dying from colorectal cancer, it is
suggested to follow the recommended screening guidelines and to have healthy lifestyle
with normal body weight, regular routine exercise, healthy food, no alcohol and no smok-
ing. Colorectal cancer surviving is given high priority by the American Cancer Society
according to the efficiency of the screening technique based on existing knowledge that
can prevent cancer, reduce suffering, and save lives.

Colorectal cancer is found in the colon or the rectum as shown in Fig. 1.1. Colorec-
tal cancer depends on the location within the colon or rectum. For instance, tumors in
the right colon are common among women and older patients while tumor in left colon are
more general among men and younger patients. Colorectal cancer takes time to develop

which is longer than 10 to 20 years. Normally, a noncancerous growth developed inside



Figure 1.1: A picture of colon and rectum from : http://www.webmd.com/digestive-
disorders/picture-of-the-colon

colon or rectum is called a polyp. The most general kind of polyp is called an adenoma-
tous polyp or adenoma. Adenomas originates from the glandular cells, which generates
mucus for colorectum lubricant. Although most of adenomas possibly become colorectal
cancer, less than 10% are developed as invasive cancer. The adenomas sizes increase are
possible to develop into cancer. Adenocarcinomas are cancer that develop from glandular
cells and approximately 96% of colorectal cancer are adenocarcinomas as shown in Fig.

1.2.

Since cancer is embeded in the inner lining of colon, it develops inside the colonic

Figure 1.2: Progression from polyp to cancer from : http://
www.hopkinscoloncancercenter.org

wall or rectum. Then, it can spread into the circulatory and lymphatic system. Cancerous
cells can be transported to nearby lymph nodes, liver, lung, pelvis, and other organs via
blood vessels. The spread of cancer can determine the stage of cancer and be used to
decide the choices of treatment. There are several ways to describe the stage of canncer
but the two most common staging systems are TNM and SEER systems. First is the

TNM (Tumor, Node, Metastasis) system which is normally used in clinical settings. Sec-



ond is the Surveillance, Epidemiology, and End Result (SEER) summary staging system,
which is used for descriptive and statistical analysis of tumor registry data. The SEER
summary staging system is as follows:

In situ refers to cancers that have not yet embedded inside the colon or rectum wall; this
lesion are not included in the cancerous statistic report.

Local refers to cancers that have developed into the lining of colon or rectum, but have
not spread to nearby tissues.

Regional refers to cancers that have spread to nearby tissues or nearyby lymph nodes.
Distant refers to Cancers that have invaded to other organs of the body such as liver
and lung.

However, there is no symptom for the early stage of colorectal cancer. According
to the slow growth from precancerous polyp to invasive cancer, the chances of detecting
and preventing colorectal cancer are available. Thus, the screening is important. The
screening can prevent cancer by detecting and removing the precancerous growths before
it develops into cancer. As a consequences, the screening decreases colorectal cancer mor-
tality by reducing the incidence of disease and increasing the rate of survival. There are
several colorectal cancer screenings for both genders of age 50 or older such as:
Flexible sigmoidoscopy: The sigmoidoscope is about 2 feet long (60 cm) with a slender,
flexible, hollow, lighted tube which is inserted through the rectum into colon for visibil-
ity inside rectum and the lower one-third of the colon or sigmoid colon. This screening
requires enemas for bowel preparation without sedation. If there is the present of polyp
or tumor, there is the need for colonoscopy to further examine the entire colon.
Colonoscopy: This is similar to sigmoidoscopy but the flexible endoscope is much longer,
more complex instrument, enabling examiner to view the entire colon and to remove
polyps. This technique requires the laxative agents to perfectly clean the colon. Sedation
is generally used to minimize the inconveneint feeling during the examination. If the
polyp is detected, it is possible to be removed during the examination. This is the most
sensitive method for adenomatous polyp or colorectal cancer detection. If the examina-
tion is negative, a patient can come back again in the next 10 years for colorectal cancer

screening. However, the limitations of the colonoscopy are the missing rates of 20% for all



adenomas and 10% for large (5mm or larger) or advanced adenomas. Another limitations
is the bowel tearing and bleeding, especially when a polyp is removed.

Computed tomography colonography (CTC): Also known as virtual colonoscopy,

Figure 1.3: Virtual colonoscopy from : http://www.thelancetnorway.com/journals/
lanonc/article/PIIS1470-2045(13)70216-X /fulltext

Figure 1.4: CTC scanner from : http://qct.com/mindwaysct-receives-510k-clearance-
for-no-dose-bone-densitometry-technology

this technique, which has been used since 1990s, is capable of visualizing cross-sectional,
2-or 3-dimensional view inside the entire colon and rectum via collaboration of a special
x-ray machine and a computer as shown in Fig. 1.3. However, bowel cleansing is needed
but there is no sedation for CTC. In order to expand the size of colonic bowel in CTC,
a small flexible tube is inserted into the rectum and inflate the colon using air or carbon

dioxide before a patient goes through a CTC scanner. The CTC scanner as shown Fig.



1.4 generates multiple images of the interior of colon. The advantage of CTC over other
screening examinations is that a patient needs no recovery time and it takes only 10 or
15 minutes to finish. A polyp with significant size of 5mm or other abnormal results
are submitted to colonoscopy. To detect invasive cancer or polyp with size larger than 1
cm, the existing studies have reported that the performance of CTC is similar to optical
colonoscopy.

A CTC image that is generated from a CTC scanner consists of three main com-
ponents: air, soft-tissue, and feces or stool. Each voxel in CTC data is represented by a
number, called CT attenuation or CT number. CT number of a voxel is calculated by
comparing the transmitted radiation from the X-ray to the observed component with the
transmitted radiation from the X-ray to water [27]. However, CT number of soft tissue
and stool are in the same range. To be able to distinguish soft tissue from feces in CTC
images, the feces are tagged using ingested contrast agents, called fecal-tagging material
[12]. CT numbers of fecal-tagging materials are lighten to be as high as bones which
are brighter than the surrounding soft-tissue components. Fecal-tagging materials can be
subtracted digitally from CTC images, this is called eletronic cleansing (EC) [12, 13] or
digital bowel cleansing (DBC) [32, 33]. CTC cases can be publicly retrieved from Walter
Reed Army Medical Center for the quality of EC evaluation which were prepared by Pick-
hardt et al. [19] Pickhardt et al.’s prepared patients by giving them underwent a standard
24-hour colonic preparation with oral administration of 90 ml of soduim phosphate and
10 mg of bisacodyl. Oral contrast agents consist of 500 ml of barium for solid-stool tag-
ging and 120 ml of diatrizoate meglumine and diatrizoate sodium for fecal tagging. The
multidetector CT scanning was used to acquire CTC images in both supine and prone
positions with 1.25-2.5 mm collimation, a table speed of 15mm/s, a reconstruction inter-
val of 1 mm, a tube current of 100 mA, and a voltage of 120 kVp. In general, there are
approximately 500 slices of CTC images with 512 x 512 for each case. The CT numbers
are from -1000 to 3000 HU. Note that a 3-D view inside the entire colon is reconstructed
from CT numbers of air components which can be obtained in full capacity from rectum
to the entire colon in CTC images using EC.

EC allows the radiologists to visualize polyps under fecal-tagging meterial pools



Table 1.1: Sensitivity and speci- Table 1.2: Sensitivity and speci-
ficity of polyp detection in laxative- ficity of polyp detection in optical
free CTC screening colonoscopy (OC)
measure  size>= 6mm size>=8mm measure  size>=6mm size>=8mm
sensitivity 0.59 0.7 sensitivity 0.76 0.88
specificity 0.88 0.86 specificity 0.94 0.91

in CTC images. There is the recent performance of EC reported by Pickhardt et al.
[20]. For polyp with the diameter size from 6 mm to 9mm, the sensitivity and specificity
of polyp detection are 86%. For polyp with the diameter size larger than 10 mm or 1
cm, the sensitivity and specificity of polyp detection are 93% and 97%, respectively. As
the requirement of CTC, the laxative or cathatic for colonic bowel cleansing is used as
same as optical colonoscopy (OC) screening [4]. This preparation makes the patients
uncomfortable which gives negative feeling for the follow-up colorectal cancer screening
[23, 29, 30, 6]. The initiative study of non-cathartic or laxative-free with contrast agent
on patients yields the patient-friendly examination [3]. Later, there is the collaboration
among groups that study the performance of CTC with laxative-free comparing to OC
screening [34]. For adenomas of size 10 mm or larger, per-patient sensitivity of CTC is
0.91 and specificity is 0.85 while sensitivity of OC is 0.95 and specificity is 0.89. For
adenomas of size 8mm or larger, sensitivity of CTC is 0.7. For adenomas of size 8mm
or larger, sensitivity and specificity of OC are 0.88 and 0.91, respectively. For adenomas
of size 6mm or larger, sensitivity of CTC is 0.59. For adenomas of size 6mm or larger,
sensitivity and specificity of OC are 0.76 and 0.94, respectively. Specificity of OC is better
than that of CTC which are 0.86 for 8 mm or larger and 0.88 for 6 mm or larger (P = 0.02)
as shown in Tables. 1.1 and 1.2.  Although, virtual colonoscopy with cathartic is the
major obstruction for patients to come back and follow the screening schedule but the
recent performance of EC with cathartics is very promising. There is another study [11]
that reports the EC performance using 15 patients with 27 polyps of size 6 mm, i.e., 54
polyps in 30 scans. Among them, 37 out of 54 polyps can be found easily because they
are surrounded by air. For the rest of them, they are patially or completely covered by
fecal-tagging material. For the other three existing methods [25, 10, 11], they have the

same 100% sensitivity of polyp detection.



Colorectal cancer is the third cause of death which occur mostly to people of age
50 or older. There are just 59% of them who go for colorectal screening. The screening
can prevent colorectal cancer by removing adenomas polyp in the early stage. There
are several screening methods but the most sensitive one for polyp detection is optical
colonoscopy. However, a patient may not want to have this screening because of the
irritation and harmfulness during insertion of optical endoscope through the entire colon.
The virtual colonoscopy is the alternative choice for colorectal cancer screening according
to high rate of sensitivity and specificity of polyp detection. To diagnose the colorectal
cancer from virtual colonoscopy, the full colonic volume needs to be obtained from air
voxels inside colon in CTC data. Electronic cleansing is proposed to reveal polyps under

fecal-tagging material (FTM) by subtracting FTM from CTC images.

1.1 Objectives

The Objectives of this dissertation is to propose a novel method that can:

1. remove the artifacts at air-tagging (AT) layers in CTC

2. preserve the pseudo-enhancement (PEH) soft tissue (ST) voxels after performing

EC.
3. preserve the thin ST layer between air and FTM or air-tissue-tagging (ATT) layer.
4. remove the artifacts at T-junctions where air, ST, and FTM meet simultaneously.
5. consume time complexity less than O(n?).

6. to compare the proposed method with the existing methods and commercial soft-

ware for evaluation.

1.2 Scope of Work

We study EC in CTC image with laxative and oral contrast agent in bowel prepa-

ration.



1.3 Hypothesis

The hypothesis for the first proposed EC method are as follows:

e The proposed PEH correction reduce CT numbers as high as 500 HU into ST range.
o The proposed EC method preserve ATT layers.
o Null hypothesis:

- H& 4:The goodness of cleansing has the global mean relative error of our pro-

posed methods is higher than or equal to 0.1%.

Alternative hypothesis:

— H| ,:The goodness of cleansing has the global mean relative error of our pro-

posed methods is less than 0.1%.

The hypothesis for the second proposed EC method is that the improvement of
preference of radiologist to the proposed EC method is higher than 20% from a recent

existing method.
1.4 Expected Outcome

A novel EC method in CTC with laxative and oral contrast agent in bowel prepa-
ration is proposed to remove the artifacts at AT layers and T-junctions and preserve all
ST voxels in vicinity of FTMs which is considered to more powerful than the existing

methods by abdominal radiologist’s opinion.
1.5 Thesis Overview

The dissertation is organized as follows. In Chapter II, the pseudo-enhancement
effect which leads to the problem of over cleansing in EC is explained and the pseudo-

enhancment reduction which enhances the voxels in CTC images is explored. In Chapter



ITI, the existing electronic cleansing methods are reviewed, then the advantages and disad-
vantages of those methods are pointed out. In Chapter IV, the proposed EC method that
can solve PEH problem, AT and ATT layers, and artifacts at three-material junctions is
explained. For the PEH problem, the gradient directional second derivative is used to
detect ST in vicinity of FTM. The proposed function is used to change CT numbers of
PEH voxels around fecal-tagging materials. To improve the efficiency, the gradient direc-
tional second derivative is integrated into material fraction model of material transition
between ST and fecal-tagging material. The Air-tagging (AT) and Air-Tissue-Tagging
(ATT) layer whose voxels in these layers are similar to each other is decribed. In order
to distinguish AT layers from ATT layers, the modification of local roughness function is
proposed. However, the computational consumption is high when the the modification of
local roughness function is used. Thus, the AT layer detection is proposed to reduce time
complexity during the process of distinguishing AT layers from ATT layers. In Chapter
V, the experimental results and comparison results between the proposed EC method and

the existing methods are described.



CHAPTER II

PSEUDO-ENAHANCEMENT OF CT
NUMBER CORRECTION FOR

FECAL-TAGGING CTC IMAGE

For fecal-tagging CTC, the residual bowel materials are opacified using oral
contrast or tagging agents to increase ability to distinguish feces from ST components
and to, especially, increase the visibility for colorectal lesion detection in a CTC image.
However, the high radiodensity or CT number of F'TM from oral contrast tends to artifi-
cially elevate CT numbers of the vicinity of FTM (in Hounsfield unit (HU) scale). FTM
tends to introduce PEH that is the incorrectly increamental observed ST CT numbers
near FTM [31, 21]. To correct CT numbers of PEH voxels, several methods [15, 28, 1, 14]
were proposed to reduce or correct CT numbers of STs around FTM region to be in its

belonging ST class.

2.1 Adaptive correction of the pseudo-enhancement of ct attenuation for

fecal-tagging ct colonography

The adaptive density-correction (ADC) method [15] was introduced to correct
CT numbers of the vicinity of FTM. This algorithm is an iterative model that estimates
an energy distribution which is generated form high-density regions in CT data. There
are two main steps of the algorithm. In the fist step, the total PEH energies of FTM are
approximated. In the second step, the distribution of the estimated PEH energy from

FTM is approximated as an expanding wave front with decreasing energy.

Let v, represent the observed CT number of a voxel p and let 0, represent the

actual CT number of p without the effect of PEH. Thus, the observed CT number of p
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can be approximated as

vp=p vy, (2.1)
where vlf,) EH j5 the PEH at p. Finally, the actual CT number can be approximated by

subtracting the Ull)) EH from the observed CT number which can be calculated from

n

By =vp — vy m v, = > ri(p), (2.2)
i=0
where v};EH ~ Y ri(p) . To approximate UEEH, the total PEH energy received at p

from the neighboring voxels, ¢, of p is approximated by
r(p) =Y _rd(p), (2.3)
q

where the initial PEH energy, rg(p), received at a voxel p from a voxel ¢ # p is

approximated by

_ eq _1 D(pa q) 2
@@%—whm@ﬁwp< 2<m@0>>’ (2.4)

where 01 (v,) is the Gaussian spread of the energy parameter as a function of the observed
CT number of ¢ and D(p, q) is the Euclidean distance between voxels ¢ and p such that
the location of ¢ is in the coverage of p, where 14 [201(vy)] is the distance between ¢ and
p voxels and 7, € R is a thesholding parameter, 7, = 100 HU. The use of lower threshold
7, cannot differentiate CT numbers of FTM from CT numbers of ST components [16].

The PEH energy, ¢4, at ¢ is calculated by

vg —Tq, vy > 7y,

0, otherwise,

Next, the total residual energy received at p at iteration ¢ can be approximated by

i e (1 D) )
"0 =2 ) p( 16=7) ) 20
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where o2(ri~1(q)) is the Gaussian spread parameter of the redistributed residual energy

at g. The function parameters o1(v) and o2(r) in (2.3) and (2.6) are modeled as
o1(v) = av +b,o9(r) = cr + d, (2.7)

where a,b,c and d are parameters that were optimized to reduce the high CT number
within the ST regions to the range of 50— 100 HU from phantoms. The iteration of (2.6) is
terminated when the additive effect of the remaining redistributable energy becomes less
than 10 HU. To be more precise, Tsagaan et al. [28] found that the function parameters
in previous ADC method [15] should be a nonlinear function rather than just a linear

function which could be formed as

o1(v) = a exp (“qc b) +dand oa(r) = ¢ exp (;) +g. (2.8)

2.2 Fast pseudo-enhancement correction in ct colonography using linear shift-

invariant filters

To accelerate the speed of PEH correction, Boyes et al. [1] proposed the fast
PEH correction using a linear shift-invariant filter. This method performs on CTC image
plane using the two-dimensional shift-variant Gaussian filtering. The shift variance relates
linearly to CT number in Gaussian model. The convolution between a linear shift-variant

filter and a tagging image [17] as follows:

ylna, ol =Y > "tk kol gy[n1 — k1,m2 — ko), (2.9)
k1 kQ

where t[ni,ng] is a CTC image with FTM and hy, g, [n1 — ki, n2 — ko] is a shift-variant

isotropic Gaussian filter,

((k1—m1)%+(kg—m2)?)

exp” 252 , (2.10)

1
P, o [K1 s h2] = 503
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where [my, ms] is the center point of a filter and o[my,me] is a linearly spatially-varying

standard deviation depended on t[mq, mso]. A tagging image t[n1,no] is obtained from

x[ni,ne] — T, =x[ni,ng] > T,
t[nl,ng] = (211)

0, otherwise,

where z[ny, ng] is the original CTC image and T is a threshold which equals to 100 HU.
The PEH corrected image can be obtained by subtracting the result in (2.9) from the
original CTC image. However, the process of filtering a CTC image of size N x N with

a filter of size M x M directly takes O(N2M?) operations.

To speed up the process, the fast convolution method is applied using fast Fourier
transform (FFT). Unfortunately, the fast convolution cannot be used with the spatially
varying standard deviation. Thus, CT numbers are divided into L bands where each band
will convolute with certian standard deviation. This idea will change the approximation of
the linear shift-variant filter into the fast linear shift-invariant (LSI) filter where ¢;[n1, no]

in each band can be divided as follows:

t[nl,TLQ], B, < t[nl,ng] <= Bi+1
ti [nl, nz] = (2.12)

0, otherwise,

where B; = timin + i(tmaz — tmin)/L are CT number thresholds that determine the band

for i € [0, L]. Therefore, each i** band have the correspondent Gaussian filter as

1 ((n1=m1)2+(ng—my)?)

2o

(2

exp 207 , (2.13)

hilni,na] =

where o;(x) = —0.0004x + 0.59 and = is CT number. Finally, the convolution in (2.9)
is performed using the shift-invariant filtering with the banded images, i.e; y[ni, no] =~
>, ti[n1, na] * hilni, na], where t; stands for the thresholded image for i band obtained
from (2.12). To summarize the time-complexity from L bands, each 2D shift invariant

filter approximation directly takes O(LM?NlogyN). Furthermore, the time complexity
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can be reduced to O(LM Nlogy,N) by performing the separable dimension in FFT domain

of the shift-invariant Gaussian.

The algorithm for the shift-invariant PEH correction is performed as follow:

1. Initialize PEH image P = 0 where P is used to store result of convolution.
2. L = Numbers of bands.

3. Compute bands B; = tmin + i(tmaz — tmin)/ L.

4. fori = 0to L — 1 do.

(a) lower = bands(7).

(b) upper = bands(i + 1).

(c) Compute linear kernal h; given o;.

(d) Compute banded image b;.

(e) Compute thresholded banded image ¢; from b;.

(f) Convolve t; and h; and add to P.
5. end for.

6. Subtract P from original CTC image.

2.3 Scale-based scatter correction for computer-aided polyp detection in ct

colonography

Liu et al. [14] developed a scale-based correction method that minimizes scatter
effects in CTC data by subtracting the estimated scatter components from observed CT

number. This method [14] consists of three steps:

1. compute the object scale for a given CTC images

2. estimate scatter components
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3. subtract the estimated scatter components from the CT number

First, the scale of each voxel ¢, K (c), is defined as the radius of the largest hyperball. The
center of this hyberball is at a voxel ¢ where all voxels within the ball satisfy a predefined
CT number homogeneity criterion. For any voxel ¢ in a CTC image, a digital ball with
radius r centered at ¢, contains a set of voxels B, (c) = {d| ||d — ¢|]| < r} where ||d — ¢|| is
the distance between ¢ and d. The homogeneity fraction, F'O,(c), is used to indicate the

fraction of the ball boundary occupied by a region that is homogeneous with ¢ by

 Sen o W) - £d)
a By (c) — Br—1(c)| 7

FO,(c) (2.14)

where |B,(c) — Br_1(c)| is the number of voxels in volume of |B,(c) — By_1(c)|, f(c) is

CT number of voxel ¢ and W (x) is a homogeneity function defined as

W (z) = exp™®/2. (2.15)

At the beginning, the scale, K(c), of a voxel ¢ is set to 1. The ball with radius r is
iteratively increased and is estimated the fraction of the object FO,(c) containing ¢ that
is contained in the ball. For the first time that this fraction is lower than a predefined
constant, K (c) is set to be r due to this radius contains an object region different from
what ¢ belongs. The value of K(c¢) is small at the location close to the boundary and
high at the location far away from the boundary. K(c) is used for the adaptive scatter

function to estimate the scatter components.

The distribution of scatter components, I, is approximated by convolving a CTC

image [y with an adaptive symmetric scatter function SF(c):
I; = Iy ® SF(¢), (2.16)

where

1 2 2 2 2
SF(c) = <\/ﬁ> exp (@=W Hy—v)%)/o* (2.17)



16

The parameters of the scatter function, u,v and ¢ are adaptively set as the trans-

form scale values derived from:

u = v= 0.5(S. — K(c))and (2.18)

o = S.— K(c) (2.19)

where S, is a parameter of maximum scale value which is set in the scale computation
algorithm. This scatter function SF(c) is adaptive and spatially variant according to
depends on the density and distribution of contrast agent. The transform scale is used to
explain the region of scatter effects of ST influenced by the neighboring contrast agents.
Finally, CT number are corrected by subtracting of the estimated scatter component I

from CT numbers at each voxel c:

L =1y L. (2.20)

The PEH correction methods can correct CT number of ST around FTM. The
corrected C'T numbers of STs are preserved from disappearing after applying EC meth-
ods, especially, polyps and folds that partially or completely submerged in FTM. After
applying PEH correction method, EC is performed in order to remove FTM from a CTC

image. For the next chapter, some of EC methods will be explored.



CHAPTER I11

ELECTRONIC CLEANSING METHODS IN

CTC IMAGE

FTM in CTC image may cover polyps when performing the 3D fly-through navi-
gation inside colon. Thus, there should be a method that can remove FTM in a CTC
image to reveal a suspicious ST lesion which is partially or completely submerged in FTM.
Electronic Colon Cleansing (ECC) or Electronic Cleansing (EC) was developed to remove

FTM in CTC images.

3.1 Classifying CT image data into material fractions by a scale and rotation

invariant edge model

Several EC methods have been proposed. For instance, Serlie et al. [24] proposed
the EC method that considers the CT number of a voxel in CTC data that is a mixing
of the CT numbers of two materials. Thus, there would be a fraction of low CT number
material and a fraction of high CT number material for a voxel. In order to approximate
the material fractions of a voxel, Serlie et al. [24] classified CT image data into material
fractions by the scale and rotation invariant edge model. This method does not depend on
the scale of anisotropic Gaussian filter or edge orientation where the anisotropic Gaussian
filter depends on the sampling pitch in each axes. The relationship between CT number
and the first derivative along gradient direction value of a voxel can be plotted as scatter
points that look like an arch where one base of the arch is the mean of the low CT number
material and the another base is the mean of the higher CT number material between two
materials. The generalized arch function describes the scale-normalized gradient o, I, as
a function of the intensity, here is known as CT number, I and the expected values L and

H
I1—-L
H-L

arch(I; L, H) = (H — L)arch( ), (3.1)
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where [ is CT number, I, is the first derivative along gradient direction and o, is the scale
of edge. The function arch(z) is used to describe the scale-invariant gradient magnitude

owlyw as a function of I as follows:

arch(z) £ 0g(G™(z;0);0)
1 (3.2)

= mexp (—{erffl(Qx - 1)}2) )

where erf™!(-) is the inverse of the error function. The effective scale of edge o, in the
gradient direction was modeled by [25] as a function of the angle a between the gradient

vector and the positive z-axis.

ow(a) = \/(sin(a)aj_z)2 + (cos()o,)?, (3.3)

where ¢ is the scale of the out-of-plane underlying Gaussian erf and o , is the scale of the

in-plane underlying Gaussian erf which is the Gaussian edge-spread function as follows:

g(z50) = — exp<_x2>. (3.4)

oV 2w 202

After CT number I and the scale-normalized gradient o1, are obtained as above,

the noise in (I, 00, 1,,) can be isotropic. The noise in (I, 00,,1,,) is made isotropic by

3/2
20’UJO w
g_ 1 <O’[>: 1 <\fap7 Top, L )7 (3.5)

Ow \OTI Ow VOop,z00plz

w

where 0, . is the axial scale and o), | , is the lateral scale of the Gaussian operator with
respect to the z-direction and oy, is the effective scale of the Gaussian operator in the

gradient direction w that is defined as a function of the angle aa between z and w

Cop (@) =/ (5(0)00p,12)? + (cO8(@2)Tops ), (3.6)

and o,y 14 is the effective scale of the operator in the direction of vector v that is per-

pendicular to gradient direction w that is defined as a function of the angle ya between
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z and v

Topoto(18) =\ (5In(18)00p, L)% + (c08(72)00p.2)°. (3.7)

For optimal o, and o ,, the calibration was performed by Serlie et al. [25] using
the fitting the erf function in a representative image to each edge voxel for estimating o,

where the erf function is expressed as:

Glw: L, H,00) = L+ (H — L) (; + %erf (waﬁ» . (3.8)

Consequently, o, and o, are estimated by fitting (3.3). This yields an in-plane scale
of ~ 0.40 mm and an out-of-plane scale of ~ 0.82 mm. Thus, ¢, is possible to be
approximated for any edge having orientation o by mean of (3.3) using calibrated values

of 0, and o ,.

To approximate the material fractions of a voxel from a material transition, the
bases of that material transition must be approximated. The bases of a material transi-
tion between two components can be approximated by minimizing the summed squared
residuals between the arch and the measurement where the measurement is (I, 0oy, I,). To
minimize the summed squared residuals between the arch and the measurements, the mea-
surements are used to find the orthogonal projection of a measurement pair onto an arch
(I',00,1,). The orthogonal projection of a measurement pair onto an arch (I’,0o,,I})
uses the closed-form inverse arch function arch™ as (3.9) and its derivative as (3.10) to

approximate numerically where arch™! can be expressed as:
1 1 1
arch™ (x) = 5 ierf —In(xv2m) (3.9)
and the derivative of inverse arch function can be expressed as:

%archfl(x) = (—=In(27) — 21n:1:)7% . (3.10)
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Let y = ¢(z,C) be the line that is orthogonal to arch™(z) with slope k and y

intercept m (0 < m < 1), which crosses arch™!(z) at point C = (z¢,y.) and
(Ye, xc) is the orthogonal projection of a measurement pair onto an arch of (I,00,1).

All measurements (Ao, I, I) on this line are projected onto point C' of arch™!(z)

= <;;arch_1($)>1 |e=z. (3.11)

m = —k * x. + arch ™ (z,)

y=q(z,C)=kzx+m

_ (3.12)
=— xc_l ’ +arch™(z.).
Zarch™ (7)] =,
For a particular measurement (x = 6o,l,, y = 1), x. can be numerically

obtained by solving (3.12) for individual (0o, ) and y. is calculated from substi-
tution of x, into (3.9), y. = arch™*(z.). The obtained (x.,y.) or (I, o, I.,) is called
PrOjaren(Ls H, 0). Let L' and H' be the optimal values that minimize the summed squared

residuals between the arch and the measurements as follows:

{L\,H'}y = arg min, > 1 An = PrOjarencz e I (3.13)
’ n

where A is a set of N + 1 measurement pairs along the gradient direction in neigh-

borhood of an edge.

Finally, (I’, 60,1 ) the orthogonal projection of the sample onto the arch with the
w

optimal L' and H’ is used to find B, and Sy material fractions in a voxel as follows:

r-r H -T
H/_L/7 BH:H/—L/

BL = and S, + By = 1. (3.14)

After material fractions of a voxel are obtained, EC can be performed at the voxel

that have FTM fraction higher than other component fractions. However, the PEH effect
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to vicinity of FTM voxels, Ravesteijn et al. [22] notice that the candidate objects (polyps)
of high intensity (CT number), here is CT number, are removed by the previous EC
method [24]. To solve this problem, Lee et al. [10] proposed the fold-preserving electronic
cleansing using a reconstruction model integrating material fractions [24] and structural

responses.

3.2 Fold-preserving electronic cleansing using a recontruction model integrat-

ing material fractions and structural responses

To preserve the submerged folds under FTM, the rut-enhancement function [2] is
used by Lee et al. [10] to enhance the submerged folds based on local structural features
rather than CT number. Let the eigenvalues of Hessian matrix at a voxel be A1, Ay and
Az (JA1] < [A2] < |A3]) and their corresponding eigenvectors be ey, ea and eg, respectively.
The eigenvalue signature is used to explain the local morphologic structure of an object
using the combination of the eigenvalues. In general, the submerged fold has CT number
lower than FTM with concave ridge (i.e., rut-like shape). The concave structure with
the transition from submerged fold to FTM has the positve A\3. For Az > 0, A1 is
approximated to be zero because of no change in curvature along the ridge axis e; of the
fold. For eigenvectors eo and eg, they represent the height axis and the thickness axis of
the fold and perpendicular to e; , respectively. Since the height is significantly larger than
the thickness, the proportion between the eigenvalues of Ay and As is inversely where Ao
and Ag respond for es and eg, respectively. Therefore, the characteristic of the structure
of submerged folds can be expressed using the eigenvalue signature as A3 > 0, \;y = 0

and Ay < 3.

For the rut-enhancement function [2], it is based on the eigenvalue signature that

corresponds to structure of submerged fold as follows:

Foy = Fy - Fg, (3.15)

where F4 is used to differentiate between elongate shape and sphere which is expressed



22

as
2

Fy=exp (—;72) and R, =

A1
V23

and Fp is used to characterize the rut-like structure in cross section of the ridge axis of

(3.16)

the rut.
(Ry —7)?
232

> and Ry — 22! (3.17)

P =oxp (‘ 2l

and the parameters «, 8 and ~ are experimentally set as 0.7, 0.4 and 0.3, respectively.

From the material fraction model [24], CT number Ipaterial— fraction Of a voxel in
the vicinity of edge between FTM and ST can be modeled by linear combination of pure

material CT number of these two materials using the corresponding material fraction:

Imaterialffraction =tsr - IST +iprnm IFTM, (318)

where tgr and Igp are the corresponding material fractions of ST component and pure ma-
terial CT number of ST component obtained from base L’ of material transition between
ST and FTM, respectively. tpryr and Ippps are the corresponding material fractions of
FTM and pure material CT number of FTM obtained from base H' of material transition
between ST and FTM, respectively. In order to solve problem of material fraction that
was discovered by Ravesteijn et al. [22], the rut-enhancement function was embeded into

the material fraction model (3.18) by Lee et al. [10] as follow:

Ifold—preserving = (1 - (1 - Frut)k> I+ (1 - Frut)k : Imaterial—f’raction

=tsr - Ist +trrm - [(1 —(1- Frut)k> Apra + (1= Frg)® Iair] ,

(3.19)

where I,;, is the pure material CT number of air component obtained from base L’ of
material transition between air and FTM and a parameter k is set as 2. At this stage, so

far, the submerged folds are preserved from the erroneous EC due to PEH effect.
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3.3 Fast three-material mod- eling with triple arch projection for electronic

cleansing in CTC

Although the submerged folds under tagged pools in a CTC image have been pre-
served using EC method from Lee et al. [10] but there are still some remaining artifacts
at junction of three materials in the EC results where three materials are air, ST, and
FTM, respectively. The junction that air, ST and FTM meet simultaneously, is called
T-junction. In order to remove the artifacts at T-junction, Lee et al. [11] proposed the
fast three-material modeling with triple arch projection for electronic cleansing in CTC.
The triangle edges can be used to represent three transitions between two materials. First
material transition is between air and ST. Second material transition is between air and
FTM. The last material transition is between ST and FTM. The vertices of the triangle
represent CT number of three pure materials which are air, ST and FTM. The arches from
three transitions of two materials coincide with the edges of the triangle in a barycentric
coordinate as shown in Fig. 3.1. Therefore, for each voxel, the measurement {I, 6o,,1I,}
is perpendicularly projected onto the closest points on three arch curves where each arch
is the transition of two materials as shown in Fig. 3.2. Three arch-projected points (APs)
in three arch curves are used to approximated three pairs of two-material fractions. Since
three materials represent the barycentric coordinate, the location of three pairs of APs

are on an edge of the triangle as follows:

APyir—sT = tair/(air—ST) * Pair + tST/(air—ST) - Psr,
APuir—1TR = tair/(air—FTM) * Pair + terar(@ir—Frar) - Prra and (3:20)

APsr—rryv = tsr)sT—rrm) - Pst + trrvst—rrmy - PP,

where P, Pst,and Prpjs are three vertices of triangle corresponding to single material

of air, ST and FTM, respectively. Additionally, t4/4—p) is the material fraction of A
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between two materials A and B which can be derived from:

tai'r/(ai'r—ST) + tST/(ai'r—ST) = 7fair/(air—FTM) + 7fFTM/(az"r—FTM)

= tsr/(sT-FTM) + UPTM /(ST-FTM) (3.21)

=1

Figure 3.1: Edge of material transition is used to form the triangle where vertices are
represented by the pure material CT number of three materials which air, ST, and FTM.

Figure 3.2: The measurement data {I, 0oy} is orthogonally projected onto three
arches where projected points on arches are used to calculate the material fractions.

To generate a single barycentric point (BP) in the interior of the triangle, the
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barycentric interpolation of the three APs is used as follows:
BP = ogir—s7 - APgir—s1 + gir— - APgir—prv + ast—rrn - APsT_prar, (3.22)
where
1
Qair—ST + Qair—FTM + OST—FTM = 1, Qair—ST = Qair—FTM = QST—FTM = 3 (3.23)

Notice that Lee et al. [11] assumed that an arbitrary voxel in the T-junction has an
unbiased distribution of the predominance of each material. For BP with uniform weights,

The center of the triangle is formed by three APs as follows:

1
BP = ¢ (APgir—s7 + APuir—rrm + APsT_pras)
o tair/(airfsT) + tair/(airfFTM) P
- 3 awr
3.24
tsT/(air—sT) + tsT/(ST—FTM) (3:24)
+ 3 - Psp
tPTM /(air—FTM) + tFTM /(ST—FTM)
+ 3 - Prr,

where

Lair/(air—ST) Y tair/(air—FTM) + tST/(air—ST) T tsT/(ST—FTM) (3.25)

+ LprM ) (air—FTM) + URTM/(ST—FTM) = 3-

The areas of three sub-triangles in the triangle determine the position of BP. The areas of
three sub-triangles are proportional to the fraction of each material. Finally, the material

fractions of air, ST, and FTM can be approximated as follows:

ZL/air/(airfS'T) + tair/(airfFTM)
Lair = 3

tsT/(air—sT) + tsT/(ST—FTM) (3.26)
3
YT M/ (air— FTM) T UFTM /(ST—FT M)

= =1 —tar — tsr.
3 air ST

After the material fractions of air, ST and FTM are obtained, the linear combination
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of the pure material CT number of air, ST and FTM with the corresponding material

fractions can be used to calculate the CT number I,,;4inq as follows:

Ioriginal = tair - Iair + tST : IST +trTa - IFTM- (327)

To perform EC using three material fractions, the linear combination of the pure material
CT numbers of air and ST with material fractions t4;., tsr and tppar models the CT

number, If,qctions, as follow:

Ifractions = tair . Iair + tST : IST + tFTM . Iair' (328)

To preserve the submerged fold, the rut-enhancement function is embedded into
three-material model as weight factor in the same manner that was used in Lee et al.
[10]. Finally, CT number, Ifoqd—perserving, of the integration of rut-enhancement function

and three material fractions is modeled as follows:

Ifoldfpreserving = (1 - (1 - Frut)k) : Iom’ginal + (1 - Frut)k : Ifractions
= tair - Iair +tsT - IS'T (329)

+tpra - {(1— (1= Fr)®) - Ierar + (1 — Frut)®) - Luir}

The advantage of EC of Lee et al. [11] is the fold preservation, the artifact at T-junction
removal and low complexity. However, there are still the some issues that need to be
concerned. Cai et al. [2] pointed out that there is similarity between ATT layer and
AT layer where ATT layer is the thin ST layer between air and FTM while AT layer is
the artifact thin layer between air and FTM. These AT and ATT layers are not handled
by Lee et al. [10, 11]. Furthermore, Lee et al. [11] did not pay attention to the polyp

preservation where polyp has cup-like structure.
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3.4 Structure-analysis method for electronic cleansing in cathartic and non-

cathatic CT colonography

Because there are still the drawbacks in EC of Lee et al. [11], EC method of Cai et
al. [2] proposed an number EC that can take care of the submerged folds and polyps under
FTM and the similarity between AT and ATT layers. The structural response functions
have been proposed to preserve the implicit shape of cup-like and rut-like structures. The
local roughness response function has also been proposed to preserve voxels in ATT layer.
Let I(x) be CT number of a point x = (z,y,2) € R3 where x is in the 3D Euclidean
space. The Hessian matrix with size 3 x 3 is used to find eigenvalues of a voxel where

Hessian matrix H is expressed as follows:

f:vx fa:y fxz
H=2S fuu fo Jfoz(: (3.30)
fzx fzy fzz

where f, and fg are the first and second partial derivatives of I(x) which can be approx-
imated by the convolution of the first and second partial derivatives of Gaussian function

and I:

o1t <§GG0W(X>) « 1(x),

P (x) [ 0?
Jab = 5aap = <6a8bG0;g(X)> * 1),

2

fa:

(3.31)

where Go.,(x) is an isotropic Gaussian function with a mean value of 0 and a standard
deviation of ¢ or smoothing kernel. To emphasize on scale-parameter o, for smoothing
kernel, Cai et al. [2] explained that image structures of spatial size smaller than o are

smoothed away in the scale-space level at scale o2

. Thus, they set o to one voxel unit,
W, to smooth away structures smaller than one voxel where p = 1. The multiscale
Hessian matrix was calculated over two scales which are p and 2u. For the eigenvalue

signatures of submerged folds and polyps under F'TM, the polyps are presented as cup-like

(concave cap) structures and the folds are presented as rut-like (concave ridge) structures.
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The eigenvalue signature for submerged folds was in literatures of Lee et al. [10] and
[11]. The submerged polyps, A1, A2 and A3 are characterized by eigenvalue signatures of
Az >0, A1 &= Az and Ag o A3. The cup-like structural enhancement function F,,, is used

for preserving polyp under FTM which is expressed as follows:

Feup = Fo (A1, A2) - Fo (A2, A3) (3.32)
where
R? Al
Fo (M\i,Aj) =1.0— ——= dR. = ) 3.33
o j) exp( 2772> and fi; ‘)\j| ( )

where 7 controls the range of the enhancement function F, which it could be set vary but
it was chosen to be set as n = 0.2. Since there are two structural enhancement functions
to detect whether a voxel is a cup-like structure or rut-like structure, the response from
these two functions are compared. However, these two structural enhancement functions
are also calculated under the multiscale Hessian matrix. Thus, for a voxel, there are two
rut-like structural responses and two cup-like structural responses for ¢ = p and o = 2u.
The maximum response of structural enhancement function across o is called the Hessian

response field H which is expressed as follows:

H= rggx{Fmt(x; 0), Feup(x;0)}. (3.34)
o=p

The profiles of CT number and the gradient magnitude of voxels in AT and ATT
layers have shown the similarity of patterns [2]. Thus, it is difficult to identify whether
a voxel is in an AT or an ATT layer, by using only gradient magnitude. According to
the local nonlinear volume averaging created partial volume (PV) effect layer between air
and FTM, CT numbers of AT layer are more irregular than those of ATT layer. The
irregularity of an AT layer is from the observation of CT number of voxels in both an AT
layer and an ATT layer. The iso-valued voxels in an AT layer are often disconnected while
those of thin ST structures as ATT layer are connected. This indicates that CT numbers
of an AT boundary are more irregular than those of the this ST structures sandwiched

within an ATT layer. Thus, Cai et al. [2] proposed the local roughness to measure this
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irregularity.

The local roughness at point x is defined as the cumulative of the difference between

local volume curvedness of the consecutive scales o as follows:

6
=> (Bi- ACVi(x)?), (3.35)
i=1

where ACV;(x) = CV,,(x)—CV,,_,(x) is the difference between local volume curvedness
of the consecutive scales o; and 0;_1 and B; = 1 for every i. The volumetric curvedness

at point x is approximated by

OV (x) = \/ 5 (K102 4 A5 ()2), (3.36)

where £ (x) and kg (x) are the two principal curvatures at scale o. The principal curvature

Iil,K,QZKMﬂ:\/K%/[—KG (337)

where Ky and K¢ are the mean curvature and Gaussian curvature [7], respectively. The

can be approximated as

Gaussian curvature can be approximated by

H VF?T
det
VF 0
Kqg=- , 3.38
o o (339)
where VF = (%, 2—5, %). The mean curvature can be approximated by
F x Hx VFT — |VF|?Trace(H
Koy — VF x HxV |V F|*Trace(H) (3.39)

o[V F|? ’

where Trace(H) is the diagonal members of H. To characterize the voxels in an AT
layer, the curvedness values are high at small scales and, in the contrast, they rapidly
and monotonically decrease in the same manner as the curvedness values of the voxels in

an ATT layer. The local roughness is used to reflect the relative change in curvedness.
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Thus, it can effectively differentiate the AT layer from thin fold sandwiched within the
ATT layer. However, the local roughness value varies across CTC images. The arctan
function is used to compare the local roughness values in a normalized range. Therefore,

the local roughness response field, R, is defined as

tan 1R
R=1.0- . 3.40
0.5 ( )

In EC method of Cai et al. [2], called the structure analysis (SA) cleansing method,
the level set model from Ho et al. [8] is used with the structural response from eigenvalue
signatures and the local roughness response. The SA cleansing method consists of five

steps:
1. initial segmentation of the colon
2. compute the Hessian response field ‘H
3. compute the local roughness response R
4. segment FTM using level set method

5. replace FTM obtained from preivous step with air

6. reconstruct the colonic wall submerged in FTM

For the fourth step, the initializing of the level set front using FTM region obtained from
the first step that is the region in colonic lumen with CT numbers higher than 200 HU.

The level set front is iteratively evolved though the partial differential equation (PDE) as

follows:
%‘f = {F(g(x)) — F(H(x)) — F(R(x))}V| + CowrvatureV - (%) Vol,  (3.41)

where g(x) = |[VF(x)| and F is a speed function defined as

F(z) = sign(t(z)) - [t(2) ], (3.42)
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-1, ifx<T-A,
tx) =11, if 2>T+A, (3.43)

"”ZT , otherwise,

where T is a threshold value obtained from using Otsu’s thresholding method [18] and
A is set to half of the difference between the threshold value and the peak value of the
histogram of the enhanced objects. In the last step, called reconstruction of the transition
layer, FTM that are segmented in the fourth step are replaced with air. The artificial
transition boundary between the colonic walls and the subtracted FTM are reconstructed

by the mucosa reconstruction method [33].

For the conclusion, there are still many EC methods that have been proposed. The
EC methods of Cai et al. [2] and Lee et al. [11] are the recent EC methods that are used
with patients given oral contrast and laxative. EC method of Lee et al. [11] takes care of
the submerged folds under FTM and the artifact at T-junction without awareness of the
similarity between AT and ATT layers while Cai et al. [2] have never mentioned about

the artifact at T-junction removal.



CHAPTER IV

THE PROPOSED EC METHODS

From the previous chapters, there are three main problems for EC method.
The first problem is the PEH effect problem. The second problem is the similarity between
AT layer and ATT problem. The last problem is the artifacts at three-material junctions.

These problems will be solved by the proposed EC.

For the first problem, the gradient directional second derivative (GDSD) is used to
detect the locations of ST in the vicinity of FTM. After the locations of ST around FTM
are detected, their CT numbers will be changed if they are higher than ST CT number
range due to PEH effect. For the proposed PEH correction method, CT numbers of
these ST voxels will be changed using simple linear transformation. The drawback of this
proposed PEH correction method is the CT numbers of PEH voxels have to be known.
The CT numbers of PEH voxels can approximately be from 100 to 600 HU. However,
this interval is not consistent for every CTC data. The proposed PEH correction method
can be improved by changing the CT numbers using the GDSD with linear combination
of material fraction model. For the improved PEH correction method, the GDSD is

embedded into a linear combination of material fraction model between ST and FTM.

For the second problem, CT numbers and gradient magnitudes of AT layers and
ATT layers are similar to each other. The artifacts between air and FTM is generated from
non-linear volume average which is called partial volume (PV) effect. The AT layer is PV
effect layer which is needed to be removed. In contrast, the ATT layer is a thin ST layer
between air and FTM which is needed to be preserved. For the existing methods, the local
roughness was proposed to distinguish the voxels in AT layer from ATT layer. The local
roughness is used as a forcing term in the level set method. However, the level set method

segmentation highly takes computational time per time step of iteration. To reduce time
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complexity, the layer labeling is used instead of the level set method. Thus, the modified
local roughness method is proposed where it is compatible with the layer labeling. The
modified local roughness expands the range of multiscale curvedness cumulative in AT
layers and ATT layers to be easier to distinguish. The Otsu’s thresholding method [18]
is used to find the threshold to distinguish AT layers from ATT layers. For the voxels
with modified local roughness higher than the threshold, they are removed. Although
the computational time can be reduced by layer labeling with modified local roughness
but the time complexity in the modified local roughness is not different from the local
roughness. To reduce the time complexity in the modified local roughness, the AT layer
detection is proposed by considering three directions of connectivity from layers to FTM

in leaping distance where the CT scanner table must lies at bottom of CTC image.

For the last problem, the artifacts at three-material junctions are solved using three
material fraction in linear combination. Three-material junctions (T-junction) are the
location where air, ST, and FTM meet simultaneously. However, the material fraction
model needs CT numbers and the first derivatives in gradient direction of voxels at edge
between two materials. There are three types of edge. First is the edge between air and
FTM which is AT layer. Second is the edge between air and ST. The last one is the edge
between ST and FTM which is the layer obtained by subtraction AT layer from boundary
of FTM. Since three materials fraction are obtained, the CT numbers at T-junction are

changed using the linear combination of three-material fractions.

Table 4.1: The observed standard CT number of each material in HU [2]

Component minimum maximum
lumen air -1000 HU  -800 HU
ST -100 HU 100 HU
FTM 200 HU 1400 HU
AT Layer -800 HU 600 HU

There are two proposed EC methods. The first one consists of the proposed PEH
correction method and layer labeling with modified local roughness function as shown in
Fig. ??7. The second one consists of the AT layer detection and the integration of GDSD

and material fraction model as shown in Fig. 4.7. For the next, the first proposed EC
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method will be described and followed by the second proposed EC method.

4.1 The first proposed EC method

Figure 4.1: The first proposed EC process

4.1.1 Lung and bone removal

At the beginning, lungs and bones are removed in order to facilitate the rest of
steps. Inside body, there are air and FTM inside colonic bowel while there also is air
inside lungs. Furthermore, the CT numbers of FTM are similar to those of bone. Thus,
in order to locate the colonic bowel precisely, the CT numbers of lungs and bones must
be changed to ST CT number. Initially, air components are divided into two parts. The
first one is inside body while another one is outside as shown in Fig. 4.2(a). The location
of air component outside is detected using region growing of binary image. The initial
seed points are placed at the boundaries of CTC image. To perform region growing, the

seeds grow to the voxel with CT number lower than —100 HU. This is the minimum value
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of ST CT number range as shown in Table. 4.1 where the result is shown in Fig. 4.2(b).
Since obtained the location of air component outside body, the CT numbers of air outside
body are changed to —100 HU. The air component inside body can only be processed.
The lungs inside body can be located by considering the number of air voxels with CT
numbers lower than —100 HU. There are two sides of CTC data which are the beginning
and the end of CTC data. Ten slides from the beginning and ten slides from the end of a
CTC data are used to consider the the number of air voxels. Due to the fact that lungs
are located in the side with greater number of air voxels, the region growing of binary
image is used to obtain all air voxels in lungs. The initial seeds are placed in the ten
slides of the side with greater number of air voxels. The seeds grow to the voxels with CT
number lower than —100 HU to obtain the location of lungs. After obtaining the location
of lungs, the CT numbers of voxels inside lungs are changed to —100 HU as shonw in
Fig. 4.2(c). So far, air voxels are only inside colonic bowel. For bone component, there
are bone components around lungs which are ribs. The locations of ribs around lungs are
used as seeds for region growing of binary image to detect all bones in CTC data. Thus,
the voxels with CT number higher than 200 HU around lungs are used as seeds where
200 HU is the minimum value of FTM and bone. The seeds grow to the voxels with CT
number higher than 200 HU to obtain all voxels of bone component. After obtained bone

voxels, CT number of bone voxels are changed into —100 HU.

Figure 4.2: Lung removal process (a) CTC image (b) the result from background removal
(c) the result from lung removal
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4.1.2 Colonic lumen detection

Now, the colonic bowel can be obtained without interference from voxels of lungs
and bones. The colonic bowel can be obtained by merging the FTM and air inside colonic
bowel together. The binary image is used to represent the locations of volume of interest
(VOI). The locations of FTM voxels can be detected which their CT number are higher
than 200 HU. The morpholical dilation with ball radius size 3 structural element is applied
on the binary image of FTM where. radius size 3 is approximately the thickness of PV
effect. The locations of air voxels can be detected which their CT number are lower than
—600 HU. Finally, the colonic bowel is obtained by merging the binary image of FTM

and air together as shown in Fig. 4.3.

Figure 4.3: Colonic lumen detection result (a) CTC image (b) the area of colon in CTC
image (c) the area of colon represented by white in black background

4.1.3 The gradient directional second derivative PEH correction

As explained before, the PEH correction or reduction method is used to change the
CT number of ST around FTM. For the existing PEH correction methods [15, 28, 1, 14],
they were proposed to reduce the CT numbers of voxels which are higher than 200 HU.
This means not only the CT numbers of ST around FTM are reduced but the CT numbers
of FTM are also reduced. There will be two problems from these approaches. First, after

applied the PEH correction methods, the CT number of FTM could be lower than the
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minimum CT number of FTM when the CT number of FTM is near the minimum CT
number of FTM. Second, the CT number of ST would not be reduced to be in the CT
numbers range of ST, [—100, 100], when the CT number of PEH ST is higher than 500
HU. To solve this drawback, the GDSD is used in order to detect the PEH ST voxels
around FTM and the proposed linear transformation is used to transform the CT number

of the PEH ST voxels.

Before approximating the GDSD, the Gaussian image convoluation will be per-
formed. The Gaussian image convolution yields the Gaussian image f using Gaussian
function G, and CTC data I as an input. Let I represents CTC data where I(x) is CT
number at point x = [z y z] of three-dimensional Cartesian coordinate. The Gaussian

image f can be obtained as follows:

f=FHFG} F{I}}, (4.1)

where F{-} is the Fourier transform and F~1{-} is the inverse Fourier transform. O(nlogn)
is the complexities of Fourier transform and inverse Fourier transform [5] while the dot
product between two Fourier transforms takes O(n). The implementation detail can be
found in Max et al. [9]. To preserved PEH ST voxels from EC removal, they will be

reduced their CT number. However, folds and polyps can also completely or partially

(a) (b)

Figure 4.4: Submerged fold on the left and the GDSD characteristics of edges on the
right (a) submerged fold which is shown in the visible CT number range from —1024
HU to 1024 HU (b) GDSD which can be used to identify submerged lesion and fold are
shown in the visible range from —1.0 to 1.0
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submerge under FTM which are one of ST component that need to be preserved. In order
to detect the ST voxels around FTM, the GDSD is used. The Gaussian image f is used

as input to calculate the GDSD as follows:

fn (fxf:z:fx:c + fyfyfyy + fzfzfzz + 2fxfyfzy + 2fxfzfacz + 2fyfzfyz)a (42)

" IVi+C
where |V f| = /f2 + f2 + f2, fa and fqp are first and second partial second derivatives
of Gaussian image f and C is positive constant. This study chooses C' = 1 which does

not change the physical meaning of (4.2).

For the characteristic of GDSD fyn, its magnitude will be high at edge between
two components and it will be lower for voxels far away from edges. The high positive
value represents rate of change at the edge from low CT number component to high CT
number component. The high negative value represents rate of change at the edge from
high CT number component to low CT number component. For vicinity of edge, there
are two sides where the CT numbers of one side are lower than those of another one.
For the lower sides, the GDSD are poistive as white line at vicinity of edge as shown in
Fig. 4.4(b), while the black line at vicinity of edge are low negative. Thus, the positive
GDSD are used to detect ST around FTM which can be used with CT number linear

transformation of PEH voxels.

The linear transformation will be proposed to reduce the CT number of PEH ST

voxels as follows:

P(I(x)),Lppn < I(x) < Hppy and fu, < tg,
F(x) = (4.3)

I(x), Otherwise,
where the linear transformation P is

v—LpgH

P(v) = Lsr + ( ) (Hst — Lsr) (4.4)

Hpepy — Lpen

which Lgr and Hgr are —100 and 100 HU, respectively. Lprpy and Hpgy are 100 and
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600 HU where 100 HU is the minimum CT number that has PEH effect [15] while PEH
ST voxels can be as high as 600 HU [2]. ¢ is the threshold to locate vicinity of edge from
| fan| obtained by using Otsu’s method [18]. After applying (4.3), the CT number of the
PEH ST voxels will be reduced into standard ST range. Next, the AT and ATT layers
will be detected as shown in Fig. 4.5(a) where the blue arrow points at AT layer and the
red arrow points at ATT layer. They are called ambiguous layers since they are similar

to each other [2].
4.1.4 Ambiguous layer detection

The boundary of air inside colonic bowel are composed of the edge between air and
FTM and the edge between air and ST. To obtain ambiguous layers, the boundary of air
inside colonic bowel is subtracted by the edge between air and ST. Thus, the remaining
layers are the edge between air and FTM. To obtain the edge between air and ST, the 26
neighbor voxels are used. For the boundary voxels of air, if there are any voxels in the
neighbor voxels have the CT number higher than 200 HU, that boundary voxels of air
are removed. Thus, the remaining of boundary voxels of air are the edge between air and
ST. The ambiguous layers can be obtained by subtraction the edge between air and ST

from boundary voxels of air as shown in Fig. 4.5(b).
4.1.5 AT layer segmentation

Since obtained the ambiguous layers, the ambiguous layers will be classified whether
they are AT layers or ATT layers. The ambiguous layers are labeled. In order to distin-
guish AT and ATT layers from each other, the local roughness [2] can be used. However,
the distribution of the local roughness response does not spread well as shown in Fig.
4.5(c). To increase the distribution, the modification local roughness response is pro-
posed. The labeled layers will be used with the modified local roughness which can be

approximated as follows:

R(x) = Z%‘(X% (4.5)
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where 9;(x) = |CV,,(x) — CV,, ,(x)| is the absolute of the difference between curvature

with o; and curvature with o;_1, C'V,,(x) = \/% (k77(x)% + k3 (x)?), K7 (x), and KJ'(x)
are the minimum and maximum curvatures at o;, respectively. According to the variation
of the modified local roughness from different CTC data, the range of the modified local
roughness response R is normalizes as follows:

R(x) = 1.0 — tan~ " (R(x))/ GW) (4.6)

where R(x) is the modified local roughness response as shown in Fig. 4.5(d). To obtained
AT layers, some of labeled layers are removed from the ambiguous layers. Thus, the
remaining of ambiguous layers are AT layers. The labeled layers will be remained if any

one of their voxels, x, satisfies all of the following five conditions:

1. x is on labeled layers.
2. There is at least one of air voxel in 4-neighbor of x.
3. There is at least one of FTM voxel in 4-neighbor of x.

4. The modified local roughness response R(x) < tx where ¢t is obtained from Otsu’s
method [18]. The inputs of Otsu’s method [18] are all the modified local roughness

response of points on labeled layers.
5. There is at least one voxel in 4-neighbor of R(x) that is also less than or equal to

R

At this step, AT layers can be distinguished from ATT layers. Thus, AT layers can be

detected and be included within colonic lumen in order to be removed by EC method.
4.1.6 The proposed EC method

Before performing the EC method, FTM voxels are detected from I using simple
threshold which is 200 HU. Thus, the location of voxels with CT number higher than 200

HU are the location of FTM voxels. Again, the binary image is used to represent the
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location of the volume of interest. Let By, be the binary image that represents colonic
lumen which consists of the binary image of air B, binary image of dilated AT layers
Bar,.,.,. and binary image of FTM Bprps such that Beoion = BaTyi.,. V Bair V Brrm
where Bar,,,.,. is the morphological dilation with 26 neighbor structure element of AT
layer, and V is the logical OR operation of binary images. There can be the AT layer
remaining in EC result as shown in Fig. 4.6(b). In order to prevent to have the AT layer
remaining, the hole filling operation is applied on By, where the AT layer remaining
can present if there are holes in B.yon. So far, all voxels, which belong to colonic bowel,
are obtained. The CT numbers of voxels in location of colonic bowel B, are changed
using rand(—1024, —900) where rand(—1024, —900) is randomly choosen between —1024

and 900 which is experimentally similar to CT number of air.

(c) (d)

Figure 4.5: The regions of interest (ROI) of the ambiguous layers (a) The blue arrow
points at AT layer and the red arrow points at ATT layer (b) The binary image represents
the location of ambiguous layers (¢) The result from ambiguous layer thinning (d) The
result from using the local roughness [2] (e) The result from using the modified local
roughness in (4.5)
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4.1.7 Colonic lumen enhancement

The Gaussian smooth filtering with ¢ = 0.5 is applied to the voxels of colonic bowel

in order to smooth edge between air and colonic wall as shown in Fig. 4.6(c).

After performing the proposed EC method, the submerged folds and polyps are
preserved using the proposed PEH correction method. The AT layers are distinguished
using the modification local roughness with layer labeling. Thus, the ATT layers are
preserved from EC removal. However, the artifacts at three materials junction have not
been solved yet. The following proposed EC methods will solve the artifacts at three

materials junction, the similarity of AT and ATT layers, and PEH problem.

4.2 The second proposed EC method

4.2.1 AT layer identification

For the second proposed EC method, it is initially using the ambiguous layers from
the our previous proposed EC method as shown in Figs. 4.8(a) and 4.8(b). In Figs.
4.8(a), the yellow dash circle surrounds a FTM region where the red arrow points at ATT
layer, while the blue arrow points at AT layer. For the proposed AT layer detection, it
can detect from the ambiguous layers using the number of connectivity from voxels of

ambiguous layers to voxels of FTM in leaping distance [10] size 5. The ambiguous layers

(a) (b) ()

Figure 4.6: EC final result of the first proposed EC method (a) a ROI CTC image for
illustrating hole filling operation (b) the floating artifact voxel and stair step edge (c)
EC final result after applying hole filling operation the floating artifact voxel disappear
and blurring the stair step effect
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(a)

Figure 4.7: The second proposed EC process

around a FTM is used to count the connectivity in three directions which are left, right
and downward directions. The algorithm 1 is used to detect AT layers around " FTM
from j** ambiguous layers where the algorithm 2 is used to count the connectivity from
voxels of j** ambiguous layers to voxels of i FTM. The algorithm 1 detects AT layers by
removing some of ambiguous layers around " FTM where the remaining layers are AT
layers. The left and right directions are called side direction. The algorithm 1 based on the
assumption that the AT layer normally lies above the FTM where ATT layer are around
the bend of a tagged pool where the CT scanner table lies at the bottom of CTC image.
The number of connectivity is counted when the location of voxel of j** ambiguous layers
can leap into the location of voxel of i FTM. If a direction is in three directions and can
make the connection, the connectivity of that direction is counted. Thus, for AT layers,

there are number of connectivity from downward direction more than the connectivity
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from side direction. In contrast, for ATT layers, there are number of connectivity from

side direction more than connectivity from downward direction.

Algorithm 1: AT layer identification algorithm

input : region of i"® FTM and its labeled ambiguous layer
output: AT layer
for j < a to bdo

Ju—

2 forall the v(z,y) in j* ambiguous layer do
3 [left, right, down| = ConnectivityCounting(z, y, FT'M;);
countlLeft < countLeft 4 left; countRight < countRight + right;
countDown <— countDown + down;
4 end
5 total <— countLeft + countRight + countDown;
6 if total >0 then
7 if countlLeft >countRight then
8 | sideRatio < countLeft/total;
9 else
10 | sideRatio <— countRight /total;
11 end
12 downRatio - countDown /total;
13 if sideRatio >downRatio then
14 forall the v(z,y) in ;' label do
15 | remove v(z,y) in j™ label
16 end
17 end
18 end
19 end

After obtained the AT layers from the algorithm 1 as shown in Figs. 4.8(c) and
4.8(d), the boundary between ST and FTM can be obtained by subtracting the AT layers
from the boundary of FTM. The remaining of subtraction is the boundary between ST
and FTM. The boundary between ST and FTM is called STT layer where ATT layers
are in STT layers as shown in Fig. 4.8(d) and 4.8(e).

4.2.2 Three material fractions approximation

From the material fraction model in chapter III, material fractions of material
transition between two materials can be obtained by applying the orthogonal projection
of measure data (I,600,1,) onto the arch function as shown in Fig. 4.9. The measure

data (I,6f0,1,) of voxels in AT layers can be used to find bases of material transition
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Algorithm 2: connectivity counting

N

® N O oA W

10
11
12
13
14

15
16
17
18

input : coordinate (z,y) of j* ambiguous layer and voxels in i'h FTM
output: the number of connectivity from j** ambiguous to i*h FTM in
three directions
for k< 1to 5do
if (x — k,y) is in i’ FTM then // count the connectivity of
voxels in j* ambiguous layer to i* FTM in left direction
countlLeft < countLeft + 1;
break;
end
end
for k< 1to 5do
if (x + k,y) is in i’ FTM then // count the connectivity of
voxels in j* ambiguous layer to " FTM in right direction
countRight <— countRight + 1;
break;
end
end
for k< 1to 5do
if (z,y+ k) is in i"* FTM then // count the connectivity of
voxels in j* ambiguous layer to ‘" FTM in downward
direction
countDown < countDown + 1;
break;
end
end
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between air and FTM while the measure data (I,00,1,) of voxels in STT layers can
be used to find bases of material transition between ST and FTM where the bases of
material transition between air and ST can be used from the previous two transition. All
bases from three material transitions can be used to form a triangle. Since obtained three

vertices of triangles, three material fractions can be obtained. Let

e tr,, and ty,, be material fractions from material transition of ST and FTM,

Figure 4.8: Result of Ambiguous layer detection, AT layer identification and STT layer
detection (a) CTC image with the ambiguous layers (b) the ambiguous layers in binary
image (c¢) CTC image with AT layer (d) AT layer in binary image (e) CTC image with
STT layer (f) STT layer in binary image
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e tr,, and tg,, be material fractions from material transition of air and FTM,

e tr., and tg,, be material fractions from material transition of ST and air,

e Lpp and Hpp be pure material CT number bases of ST and FTM, respectively,
e L7y and Hra be pure material C'T number bases of air and FTM, respectively,

e Lgy and Hgg be pure material CT number bases of ST and air, respectively.

Thus, the material fractions of air, ST, and FTM at three materials junction can be

approximated as follows:

b — tLSA +trra
awr 3 bl
tg., +11
tgp = ——sA _— oTT 3 T (4.7
tg., +tH
trrv = % =1—tair —tsr,

where tq;-, tsT, and tprps are material fractions of air, ST and FTM, respectively.

4.2.3 Integration of gradient directional second derivative and three-material

fraction model

In order to aware of PEH ST voxels removal from EC method, the only linear
combination of material fraction model cannot transform the CT number of PEH ST
voxels into ST range correctly. Thus, for the CT numbers between ST and FTM, the
GDSD are integrated into material fractions of material transition between ST and FTM

in the same manner in (3.19) as follows:

Iveh = trpy - Lo + tipy - {fon - Lra + (1 — fun) - Hral, (4.8)

where I, are new CT number of voxels in STT layers and FTM. By applying (4.8), the
PEH CT numbers of voxels in ST can be reduced into ST range and the CT numbers of

FTM voxels are transformed into the CT numbers of air instead.
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In colonic bowel, although the CT numbers of FTM and STT layers are transformed
but there also are the CT numbers of voxels in AT layers and artifacts at three materials
junction that need to be changed. Therefore, the CT numbers of voxels in AT layers and

artifacts at three materials junction are transformed as follows:

I7;,ction = tair - LTA +tsT - LT +trR - LTA, (4.9)

where Ip are new CT number of voxels at location AT layers and artifacts at three

junction

materials juncitons.

In the conclusion of the proposed EC method, the GDSD are mainly used to de-

tect ST in vicinity of FTM or are integrated into material fraction model in order to

Figure 4.9: {I,600,1,} is represented by star. {I’,00,1/,} is the red circle on arch(I’).
The red circle is the intersection point of orthogonal line to tangent line of arch(x).
(I',00,1))) on arch(I') is used to find material fraction.
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Figure 4.10: a result of the second proposed EC method (a) the CTC image Blue arrows
point at AT layers that are removed at the same time as FTM Red arrows point at ATT
layers that are preserved from EC (b) the axial final result from our second proposed
method

preserve ST component with PEH effect from EC method removal. The modification of
local roughness are proposed in order to increase the distribution from the existing local
roughness. The increasing of the distribution of the modification local roughness can help
to distinguish AT layers from ATT layers easier. Unfortunately, the high computation
of the modification local roughness is the same as the existing local roughness. There-
fore, the AT layer detection is proposed in order to reduce computational time from the
modification of local roughness. After obtaining AT layers, the ATT layers are preserved
from EC removal. Finally, the last proposed EC method has solved the PEH problem,
the similarity of AT layers and ATT layers, the artifacts at three materials junctions.
The CT numbers of PEH ST voxels is reduced into ST range to preserve ST component,
especially, polyps and folds from erroneous EC removal. The AT layers, known as PV
effect layers, and artifacts at three materials junctions are removed simultaneously as

shown in Fig. 4.10.



CHAPTER V

EXPERIMENTAL RESULTS AND

CONCLUSION

Since there are two proposed EC methods, there are two EC results. The first
proposed EC method consists of GDSD, PEH CT number linear transformation and
the modified local roughness. The second proposed EC method consists of AT layer
identification and integration of GDSD and material fraction model. The first EC results
come from the first proposed EC method. The second EC results come from the second

proposed EC method.
5.1 The first proposed EC method evaluation
5.1.1 CTC data set detail

The first proposed EC method used three data sets of CTC images. The first CTC
data set came from Pickhardt et al. [19]. The second CTC data set came from King
Chulalongkorn Memorial Hospital. The first and the second CTC data sets are used as
the test sets. The last data set came from the Philips CT scanner, Brilliance 64, is used

as the traning set.

Eighteen cases are randomly selected from the first CTC data set and are used in
objective evaluation. Both supine and prone positions were acquired using multi-detector
CT scanning with four or eight channel CT scanner of 1.25 mm or 2.5 mm collimation

using the table speed of 15 mm/s and the reconstruction interval is 1 mm.

Four cases are randomly selected from the second CTC data set and are used in
subjective evaluation. Both supine and prone positions are acquired using GE medical

System with slice thickness less than 1.25 mm, spacing between slices less than 1 mm,



Table 5.1: Grading scheme in cleansing quality evaluation

Inadequate | Moderate | Good | Excellent
10/105 30/105 | 60/105 5/105
9.52% 2857% | 57.14% | 4.76%

51

Table 5.2: Five causes for low quality EC

T-junction | Inhomo | Collapsed | Noise | Incomplete
100/105 10/105 0/105 0/105 0/105
95.24% 9.52% 0% 0% 0%

230 mA X-ray tube current, and a voltage of 120 kVp.

The last CTC data set is acquired with patient preparation as Pickhardt et al. [19]
did with parameters: 0.9 mm slice thickness, 0.7 mm spacing between slices, 197mA X-ray

tube current and a voltage of 120 kVp.

5.1.2 Clinical evaluation

The subjective evaluation is used to perform clinical evaluation. The subjective
evaluation uses four grades of cleansing quality with five causes of low quality [10]. The
four grades of cleansing quality with five causes of low quality are determined by the expe-
rienced radiologist from King Chulalongkorn Memorial hospital. Four grades of cleansing
quality consist of excellent, good, moderate and inadequate. Five causes of low quality
consist of artifacts at T-junction, inhomogeneous tagging, collapsed area, image noise
and incomplete EC. The excellent quality is given if and only if there is no cause of low
quality. The inadequate quality is given if and only if there are artifacts and incomplete
cleansing. Thus, the cleansing quality of the complete cleansing could be evaluated as
moderate, good, excellent which depends on radiologist’s opinion. The completeness of
cleansing was evaluated from axial view while the cleansing quality was evaluated from
the panoramic endoluminal view, called band view [10] from Vitrea software of Toshiba
CT scanner as shown in Fig. 5.1 and 5.2. In Fig. 5.1 and 5.2, the axial views are the first
row while the rest are the band view. The partially and completely submerged polyps

can be revealed after applying the first proposed EC method.
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For 105 band view images of CTC data from King Chulalongkorn memorial hospital,
the average grade that was given by the radiologist is 2.5714 out of 4. Among of the
cleansing results, 4.76% receive excellent quality, 57.14% receive good quality, 28.57%
receive moderate quality and 9.52% receive inadequate quality for both artifacts at T-
junction and incomplete cleansing due to inhomogeneous tagging. The artifact at T-
junction is the main cause of low quality for every case while the second cause comes
from inhomogeneous tagging. However, the artifacts at T-junctions beyond the scope of

the first proposed EC method.

(c) (d)

Figure 5.1: The first row contains region of interest (ROI). The second row contains
volume of interest (VOI) of the first row. (a) ROI of a CTC image (b) ROI of EC of a
CTC image (c) VOI of a CTC image (d) VOI of EC of a CTC image

5.1.3 PEH correction Evaluation

Since the first proposed EC method consists of GDSD and the PEH CT number
linear transform, the PEH correction evaluation is one of the objective evaluations that
needs to be performed. The ADC method [15] is used to compare with the proposed PEH
correction method. The main parameters o; and o9 are calculated from the following
equations:

o1(vg) = 0.0001v, + 0.392 (5.1)
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and

o2(r) = —0.0007r + 0.59. (5.2)

For the results from ADC method, there is no result for the case of PEH ST voxels with
CT numbers higher than 500 HU. Figures. 5.3(a), 5.4(a) and 5.5(a) show regions of
interest (ROIs) with CT numbers as high as 500 HU due to PEH effect. Figures. 5.3(b),
5.4(b) and 5.5(b) show ROIs of the results from ADC method. Figures. 5.3(c), 5.4(c)
and 5.5(c) show ROIs of the results from the proposed PEH correction method. Figure.
5.3(d), 5.4(d) and 5.5(d) show CT numbers profiles where

o the red lines represent CT numbers of the red dots in Figs. 5.3(a), 5.4(a) and

5.5(a), respectively.

« The blue lines represent CT numbers of the blue dots in Figs. 5.3(b), 5.4(b) and

5.5(b), respectively.

() (d)

Figure 5.2: The first row contains ROI. The second row contains VOI of the first row.
(a) ROI of a CTC image (b) ROI of EC of a CTC image (c) VOI of a CTC image (d)
VOI of EC of a CTC image
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« The magenta lines represent CT numbers of the magenta dots in Figs. 5.3(c), 5.4(c)

and 5.5(c), respectively.

Figures. 5.3, 5.4 and 5.5 illustrate that the proposed PEH correction method can reduce
CT numbers of PEH ST voxels , which can be as high as 500 HU, while the ADC method
fails in this case. For the blue lines in Figs. 5.3, 5.4 and 5.5, the proposed PEH correction
method can reduce CT numbers of PEH ST voxels to be lower than the maximum CT
number of ST which is 100 HU. For the magenta line in Figs. 5.3(d), 5.4(d), and 5.5(d),
the ADC method cannot reduce CT numbers of PEH ST voxels to be lower than the

maximum CT number of ST.

(d)

Figure 5.3: CT number profile of a submerged fold (a) ROI of a CTC image (b) ROI
from ADC result (¢) ROI from our first proposed EC (d) profile of CT numbers where
y-axis represents CT number and z-axis represents location of pixel in ROI image
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5.1.4 Objective Evaluation

To evaluate the benefit of the proposed PEH correction method, the second CTC
data from Pickhardt et al. is used. The 974 ROlIs are selected which contain polyps and
folds. The ground truth of FTM regions in 974 ROIs are made without including the
location of polyps, folds and with including the location of AT layers. The locations of
FTM regions in the ground truth are presented in binary images. The ground truth data
set is verified by the radiologist. Figure. 5.6(a) shows a CTC image with ROIs at marked
by a green rectangle. Figure. 5.6(b) shows the ground truth with location of FTM (white
pixels). Figure. 5.6(c) shows the labels of FTM regions in the ground truth. Figure.
5.6(d) shows the labels of FTM regions obtained from the first proposed EC method. In

order to perform the quantitative EC evaluation, the difference of the regions with the

(d)

Figure 5.4: CT number profile of a submerged fold (a) ROI of a CTC image (b) ROI
from ADC result (¢) ROI from our first proposed EC (d) profile of CT numbers where
y-axis represents CT number and z-axis represents location of pixel in ROI image
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same label between the ground truth and the results from the first proposed EC method
were compared. The comparison uses the exclusive-OR (XOR) operation to determine the
difference. The difference is used to calculate the mean relative error which was further

used to calculated the global mean relative error, S, as follows:

N (Ui Vi)

S X 72 N

N (U;) x 100, (5.3)

1
| v 2

where @ is the XOR operation between two regions with the same label in two binary
images, U; is the " ROI of the ground truth, V; is the i*® ROI of the results from the

first proposed EC method and A/(-) is the number of white pixels in the i** ROI. For each

(d)

Figure 5.5: CT number profile of pedunculate polyp. (a) ROI of a CTC image (b) ROI
from ADC result (c¢) ROI from our first proposed EC (d) profile of CT numbers where
y-axis represents CT number and x-axis represents sample pixels from (a), (b) and (c)
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individual i** region, the number of white pixels is not equal. Therefore, the weight for
each i*" region must be used in order to indicate the influence to the total of the global

mean relative error.

() (d)

Figure 5.6: The comparison process between binary image of ground truth and the
results of the first proposed EC method (a) A sample CTC image with ROIs in the
small rectangle (b) A binary image of the ground truth with ROIs in the small rectangle
(c) Labeled ROIs of the ground truth (d) Labeled ROIs of the result at the same position
as the ground truth

To evaluate goodness of cleansing, the global mean relative error from 974 ROIs
was used. The global mean relative error is approximately 0.01%. Thus, the goodness
of cleansing of the results is about 99.99%, while the z-test shows that the global mean
relative error from the first proposed EC method is less than 0.016% with 99.99% confi-

dence.

For fold preservation, CT numbers of the submerged folds are further determined.
CT numbers of the submerged folds are divided into four intervals as shown in Table. 5.3.

All selected submerged folds that is used in Table. 5.3 are preserved even though the CT
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Table 5.3: Numbers of the remaining per the existing of submerged folds in four intervals.

interval of CT number number of fold

200 — 300 15/15
300 — 400 10/10
400 — 500 13/13
> 500 2/2

numbers are equal to or greater than 500 HU.

Table 5.4: The numbers of actual polyps from CTC data of King Chulalongkorn Memo-
rial Hospital.

case outstanding partial complete
1 supine 1 1 -
1 prone 1 - 1
2 supine 4 1 -
2 prone 3 1 1
3 supine 1 - -
3 prone 1 - 1
4 supine 1 1 -
4 prone 1 1 -

For polyps detection, there are 19 polyps in both supine and prone positions in
CTC data from King Chulalongkorn Memorial hospital as shown in Table 5.4 where the
outstanding polyps (outstanding) are the polyp without lying against FTM, the partial
submerged polyps (partial) are the polyp that is partially covered by FTM and the com-
plete submerged polyps (complete) are the polyp that is complete covered by FTM. There
are b partially submerged polyps, 3 completely submerged polyps, and the rest 13 polyps
are outstanding from FTM. For partially and completely submerged polyps, all of them

still exist after applying the first proposed EC method.

5.1.5 Visual Assessment

Next, the proposed modified local roughness is used to preserved ATT layers as
shown in Fig. 5.7. Fig. 5.7(a) shows an ATT layer which is pointed by the red arrow.
The AT layer is pointed by the blue arrow, while a small rectangle pointed by the red

arrow contains an ATT layer as shown in Fig. 5.7(b). Fig. 5.7(c) shows the ambiguity
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between an AT layer and an ATT layer after FTM removal. Since the first proposed EC
method consists of the AT layer segmentation, an AT layer is removed while an ATT layer
is preserved correctly as shown in Fig. 5.7(d). Fig. 5.7(e) shows the VOI of Fig. 5.7(b)
which contains the volume of water. Fig. 5.7(f) shows VOI of Fig. 5.7(d) which contains

the preserved ATT layer.

For inhomogeneous FTM (IFTM) cases, some of CTC data from Pickhardt et al.
[19] contain IFTM in colonic bowel where the content of IFTM is not homogeneous as
shown in Figs. 5.8(a) and 5.8(c). This inhomogeneity can lead to erroneous EC results
where the results are not completely cleansed because CT numbers of some voxels in
IFTM is in ST range. If these voxels does not attach to colonic wall, then they can be

removed using hole filling operation presented in the first proposed EC method as shown

(d) () (f)

Figure 5.7: The comparison of axial view between the result using only thresholding and
the result from the first proposed EC method is used. The comparison of VOI between
a result with and without applying the first proposed EC method is used. (a) The
ambiguous case (b) The blue arrow points at PVE between air and FTM components
which is an AT layer and the red arrow points at the thin ST between air and FTM
components which is an ATT layer (¢) The remaining layers after FTM removal using
threshold, 200 HU (d) ROI of our first proposed EC result (e) VOI of original CTC
image volume (f) VOI of our first proposed EC result from using paraview software
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in Figs. 5.8(b) and 5.8(d). In contrast, if these voxels attach to colonic wall, then the

only hole filling operation cannot handle this case.

So far, the evaluation results assure reliability and efficiency to preserve PEH ST
voxels, remove PV effect layers or AT layers and preserve ATT layers of the first proposed
EC method. Next, the evaluation results of the second proposed EC method will be

justified to illustrate the improvement from the first proposed EC method.

(a) ROI of a CTC image (b) ROI of EC result

(c) ROI of a CTC image (d) ROLI of EC result

Figure 5.8: The first proposed EC method for IFTM case (a) The ambiguous case which
contains both AT and ATT layers (b) FTM and AT layers were removed correctly and
an ATT layer is preserved by our first proposed EC method (¢) The IFTM case (d) The
result after applying our first proposed EC to IFTM case
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5.2 The second proposed EC method evaluation

5.2.1 CTC data set detail

CTC data from three different sources are used to evaluate of the second proposed
EC method. For the first source, 5 cases from Pickhardt et al. [19] are used for testing set.
For the second source, 10 cases from King Chulalongkorn Memorial Hospital are used for
testing set. For the last source, a case obtained from Philips CT scanner, Brilliance 64,
with the same preparation as CTC data used in Pickhardt et al. [19] is used for training
set. All cases from three sources are acquired both supine and prone positions. Each scan
of every case consists of approximately 600 consecutive CTC images of size 512 x 512

pixels with spatial resolution of approximately 0.66 mm in three dimensions.

5.2.2 Clinical evaluation

The clinical evaluation is performed using four levels of cleansing quality grading
with five causes of low quality as before. To compare the preference between the remaining
artifacts at T-junction of the results from the second proposed EC method EC),,, and
the syngo.via client 3.0 software of Siemen CT scanner ECy,4, which is currently used
at King Chulalongkorn Memorial Hospital. In order to illustrate the improvement from
the existing method, EC),,, was compared with the existing EC method EC)¢, from
Lee et al. [11]. For the pictorial results, they are used to explain why the results from
EC},op improve from those of EC);., or the results from EC),., is more preferable than
the results from ECyy,40. There are 467 band view images from the results of EC);.qp,

ECprep, and the ECyng0.

Table 5.5: Grading scheme in cleansing quality evaluation

Cleansing quality grade
Inadequate 0/467 | 0.00%
Moderate | 135/467 | 28.91%
Good 247/467 | 52.89%
Excellent 85/467 | 18.20%

For the first clinical evaluation, the completeness of cleansing is evaluated using
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the axial view image while the quality of cleansing is evaluated using the 3D band view
image by the opinion of the radiologist. The quality of cleansing uses four grades with
five causes of low quality as before. From the clinical evaluation results shown in Table.
5.5, the average grade is 2.89 out of 4 where 18.20% of test data are graded as excellent,
52.89% of test data are graded as good, 28.91% of test data are graded as moderate, and
none is graded as inadequate. Thus, all cases of E,,.,, are cleansed completely. However,
the artifacts at T-junctions are generally given as a cause of low quality which is 69.81%
where other causes of low quality are not given. The artifact at T-junction cause of low
quality can only indicate the existing of the remaining of artifacts at T-junction but it
cannot indicate the quantity of the remaining. Therefore, the quantity of the remaining

of artifacts at T-junction are further investigated.

Table 5.6: Five causes for low quality EC

Reason for low quality EC
Artifacts at T-junction | 326/467 | 69.81%
Inhomogeneous tagging 0/467 | 0.00%

Collapsed area 0/467 | 0.00%
Image noise 0/467 | 0.00%
Incomplete EC 0/467 | 0.00%

To estimate the quantity of the remaining of artifacts at T-junction, the volume of
the remaining of artifacts at T-junction is divided in 8 scales and approximated by the
radiologist as shown in Table. 5.7. The description of scales are as follows: 0% remaining
means the radiologist cannot identify the location of artifacts at T-junction at all or can
easily say that the remaining of artifact at T-junction is invisible, which is the most
general case, 1 —99% remaining means the percentage of the remaining that can be seen

by the radiologist and 100% remaining means that the artifact cannot be removed at all.

There are 30.19% of the test data that are identified as the 0% remaining. For the
1 — 50% remaining, there are 37.48% that are identified. For the 51 — 99% remaining,
there are 19.27% that are identified. Thus, there are 86.94% of the test data that the
radiologist cannot identify the location of artifacts at T-junctions completely. For the

100% remaining, there are only 13.06% that were identified and were further compared
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with the results from ECgyng0 as shown in Figs. 5.9 and 5.10. There are 9.21% of the
results from EC),,p, that are more preferable while there are 3.85% of the results from
ECyngo that are more preferable by the radiologist as shown in Table. 5.8 where the

scale of preference 1, 2 and 3 mean slightly better, better and much better.

In Figs. 5.9 and 5.10, the artifacts at T-junctions were compared where (a) and
(d) of Fig. 5.9 and 5.10 are the results from EC),,, where the artifacts at T-junction
are invisible by radiologist opinion, (b) and (e) of Fig. 5.9 and 5.10 are the results from
ECsyngo, ;and (c) and (f) of Fig. 5.9 and 5.10 are the original CTC images.

In Fig. 5.11, the submerged polyp under FTM are compared where (a) and (d)
of Fig. 5.11 are the results from EC}.qp, (b) and (e) of Fig. 5.9 are the results from
ECgyngo where submerged polyp is disappeared, (c¢) and (f) of Fig. 5.9 are the original
CTC images.

The last comparison between EC,op and EC), is used to indicate the improve-
ment of EC),,p, from the existing method EC),., [11] as shown in Figs. 5.12 and 5.13.
The opinion of radiologist is used to evaluate the difference between two methods where
the scales of preference —1, —2 and —3 mean that EC),., is slightly better, better and
much better. In contrast, the scales of preference 1, 2 and 3 mean that ECj,, is slightly
better, better, and much better. Scale 0 indicates that the results from two methods are

similar.

Table 5.7: Volume of the remaining artifacts at T-junctions after applying EC};op

0% | 1-10% | 11-20% | 21-30% | 31-40% | 41-50% | 51-99% | 100%
# | 1417467 | 41/467 | 30/467 | 43/467 | 16/467 | 45/467 | 90/467 | 61/467
% | 30.19% | 8.78% | 6.42% | 9.21% | 3.43% | 9.64% | 19.27% | 13.06%

Table 5.8: Comparing the preference of the remaining artifacts at T-junctions after
applying ECs between EC);qp and ECyng0

11213 total
ECgyngo | 14 |2 | 2 18/61(3.85% of 467)
ECprop |38 ]3| 2]43/61(9.21% of 467)
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Table 5.9: Comparison between the results from EC),q, and ECpye, [11]

EC quality comparison between ECy,,, and EC),.,

-3 -2 -1 0 1 2 3
# | 2/467 | 3/467 | 29/467 | 327/467 | 84/467 | 21/467 | 1/467
% | 0.43% | 0.64% | 6.21% | 70.02% | 17.99% | 4.50% | 0.21%

The comparison results in Table. 5.9 shows that approximately 70% of ECjy,p, and
ECyye, are similar while EC,q, gets slightly better scale for approximately 18% and
ECprey gets slightly better scale for approximately 6.21%. For better and much better
scale of ECpqp, they receive 4.5% and 0.21%, respectively. For better and much better

scale of ECpycy, they receive 0.64% and 0.43%, respectively.

The comparison results from ECjop shows the improvement from EC)., that
comes from ATT layer preservation of the FC),,, as shown in Fig. 5.12. Figure. 5.12
shows that the ATT layers pointed by yellow arrow are preserved while the ATT layers
pointed by red arrow in the results of EC),, are disappeared. The damage of ATT layer
disappearing may cause a hole in 3D band view from the erroneous EC method as shown

in Fig. 5.13. For the degrees of fold preservation from EC),,, and ECpe,, Fig. 5.14

Figure 5.9: Comparison of results of T-junction artifacts removal between the second
proposed EC method and ECjy g, (a) the axial CTC image of EC result from the second
proposed EC method (b) the axial CTC image of EC result from ECsy,40 (c) the axial
CTC image without applying any EC (d) the 3-D band view of (a) (e) the 3-D band
view of (b) (f) the 3-D band view of (c)
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shows that all submerged folds are preserved. Figure. 5.14 shows that the artifacts at

T-junctions are invisible in this case.

For polyp detection in 10 cases (20 scans) from King Chulalongkorn Memorial

Figure 5.10: Comparison of results of AT or PV effect layer removal between the second
proposed EC method and ECsyp4, (a) the axial CTC image of EC result from the the
second proposed EC method (b) the axial CTC image of EC result from ECgyng0 ()
the axial CTC image without applying any EC (d) the 3-D band view of (a) (e) the 3-D
band view of (b) (f) the 3-D band view of (c)

Figure 5.11: Comparison of results of polyp preservation between the second proposed
EC method and ECjy,4, (a) the axial CTC image of EC result from the second proposed
EC method (b) the axial CTC image of EC result from ECjyyg, (c) the axial CTC image
without applying any EC (d) the 3-D band view of (a) (e) the 3-D band view of (b) (f)
the 3-D band view of (c)
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hospital, there are 17 polyps which can be divided into two groups: a group of 12 polyps
with size > 6 mm and a group of five polyps with size > 10 mm, respectively. For partially
or completely submerged polyps in FTM, there are nine polyps with size > 6 mm and
three polyps with size > 10 mm, respectively. All of them are visible in ECp,,, and
ECprey where they could hardly be found in 3-D band view images before applying EC
methods. Thus, the sensitivity for polyp detection after EC is as high as 100% (17/17)
for both EC}0p and ECyey.

Figure 5.12: Comparison of results of ATT layers preservation between the second pro-
posed EC method, EC),,, and the fast three-material model [11], ECpre (a),(d),(g)
and (j) are the axial CTC image of EC result from ECpop (b),(e),(h) and (k) are the
axial CTC image of EC result from ECy,., (c),(f),(i) and (1) are the axial CTC image
without applying any EC
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Figure 5.13: Comparison of result of ATT layer preservation in 3-D band view between
the second proposed EC, EC),p, and the fast three-material model [11], ECpre, (a) the
axial CTC image of EC result from EC),,, (b) the axial CTC image of EC result from
ECprey [11] (c) the axial CTC image without applying any EC (d) the 3-D band view
of (a) (e) the 3-D band view of (b) (f) the 3-D band view of (c)

Figure 5.14: Comparison of result of fold preservation in 3-D band view between the
second proposed EC, EC),p, and the fast three-material model [11], EC)ye, (2) the axial
CTC image of EC result from EC),,, (b) the axial CTC image of EC result from ECj,¢,
[11] (c) the axial CTC image without applying any EC (d) the 3-D band view of (a) (e)
the 3-D band view of (b) (f) the 3-D band view of (c)



CHAPTER VI

DISCUSSION AND CONCLUSION

6.1 Discussion

The first proposed EC method preserve only PEH ST voxels in vicinity of FTM
by reducing CT numbers of those voxels without touching FTM voxels while the ADC
method [15] reduce CT numbers of FTM voxels and PEH ST voxels around FTM. In
order to reduce only PEH ST voxels in vicinity of FTM, the GDSD is used to detect
PEH ST voxels in vicinity of FTM. The PEH correction method in the first proposed
EC method uses two threshold values to be minimum and maximum values of PEH Soft
tissue voxels where these threshold values can be set to cover the possible range of PEH
ST CT numbers. The results show that high CT numbers of PEH ST voxels can be
reduced to be in the ST range using the proposed PEH correction method. In contrast,
the existing ADC method fails to reduce high CT numbers of PEH ST voxels into the
ST range. These two threshold values are not suitable for every FTM due to variation
of CT numbers in FTM. For the similarity of AT layers and ATT layers, the proposed
modified local roughness in the first proposed EC method is used to distinguished AT
layers from ATT layers while EC),, [11] does not concern this case. Thus, ATT layers
can be preserved from removal after applied the first proposed EC method. Unfortunately,
we did not compare the first proposed EC method to any the existing method. However,
the first proposed EC method still cannot remove artifacts at T-junctions where air, ST,

and FTM meet simultaneously. Thus, the second EC method was proposed.

The second proposed EC method can preserve PEH ST voxels by changing CT
numbers of PEH ST voxels into ST CT numbers range with the integration of GDSD
and linear combination of three material fractions. The AT layer identification algorithm

removes ATT layers from ambiguous layers. The remaining layers after applied the AT
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layers identification are AT layers. Then, CT numbers of AT layers, artifacts at T-junction
and FTM voxels are changed to CT numbers of air using linear combination of three
material fractions. Thus, the ATT layers are preserved after applied the second proposed
EC method while while ECp,¢, [11] cannot take care this case. The rut-like structural
response in ECp¢, [11] cannot preserve ATT layers because ATT layer structure is not

rut shape.

However, the specificity of polyp detection in the first and second proposed EC
method does not exist because the specific location of polyp that was identified in virtual
colonoscopy after applyied the propose EC methods was not confirmed the location of
polyp using OC in this study. The polyp locations after applied the proposed EC methods
are only compared with the reference locations of the radiologist in CTC images. Thus,

there is only the sensitivity of polyp detection in this study.

6.2 Conclusion

In the conclusion, there are two proposed EC methods to solve the problems of the
existing EC which are PEH effect, the similarity of AT and ATT layers and the artifacts

at T-junction where AT layers need to be removed while ATT layers need to be preserved.

For the first proposed EC method, it can solve the PEH effect and the similarity
between AT and ATT layers. The PEH effect problem is solved by using the GDSD to
detect the ST voxels around FTM. After ST voxels are obtained, the linear transformation
is used to reduce CT numbers of PEH ST voxels to the standard ST range. Next, the
similarity between AT and ATT layers can be distinguished by using the modified local
roughness with layer labeling. After AT layers are detected, the FTMs and AT layers are

removed by the first proposed EC method.

For the second proposed EC method, the PEH effect can be solved by integrating
the GDSD into material fraction model. The ATT layers are preserved by using AT layer
identification. After AT layers are identified, ATT layers are spared from EC removal

while AT layers are removed using the linear combination equation of three material
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fractions which can remove the artifacts at T-junction.

The results of the first proposed EC method are passed through both subjective and
objective evaluations. For subjective evaluation, the clinical evaluation was performed
in order to assess the cleansing quality. The results of clinical evaluation indicate the
reliability of cleansing quality. For objective evaluation, the PEH correction results were
compared to those of the existing ADC method. The visual assessment shows that ATT
layers are preserved while AT layers are removed without confusing. The results of IFTM

case show that it is possible to use the first proposed EC method.

Next, the clinical evaluation is performed on the results of the second proposed EC
method. The cleansing quality is measured by the radiologist. The results of cleansing
quality show the reliability of the second proposed EC method where the least remaining
of artifacts at T-junction cannot be identified by the radiologist. For the 100% remaining
of artifacts at T-junctions, the comparison between the results from the second proposed
EC method and those of the Syngo Via software show that the results from the second
proposed EC method are more preferable. Finally, the comparison between the second
proposed EC method and the fast three material fractions are performed. The slight
improvement in the second proposed EC method comes from ATT layers preservation

while the fast three material fractions fails to preserve them.
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APPENDIX A : Boundary evaluation

In this section, the evaluation on voxels in the vicinity of FTM is used in order to
measure the goodness of cleansing instead of the goodness of cleansing in the previous.
Because the previous goodness of cleansing includes all area of FTM in a ROI but the
goodness of cleansing results are different from the ground truth only around the vicinity

of FTM. Thus, it is more reasonable to measure the goodness of cleansing only in vicinity

of FTM.

The boundary binary image of the ground truth in Fig. 1(c) is used to find the
vicinity of FTM where Fig. 1(b) is a example of ground truth Fig. 1(b) is the area of

FTM in Fig. 1(a). The boundary binary image in Fig. 1(d) is a example of the results of

Fig. 1(a).

In order to measure the goodness of cleansing only in vicinity of F'TM, the boundary

binary image of Fig. 1(c) are dilated with four sizes of square structure element where

o Fig. 2(a) is dilated with square structure element of size 2,
« Fig. 2(b) is dilated with square structure element of size 3,
« Fig. 2(c) is dilated with square structure element of size 4, and

« Fig. 2(d) is dilated with square structure element of size 5.

The boundary binary image of result is dilated with four sizes either where case 1 is the
boundary binary image of the result of the first proposed EC method and case 2,3, and
4 are dilated with square structure element of size 2, 3, and 4, respectively. To compare
the difference between the vicinity of FTM in ground truth and result, the exclusive-OR
operation (XOR) is used. However, the square structure element of size 5 is too wide.

Thus, it is not used in this evaluation.

Without applying the dilation operation, the number of voxel in boundary of the

result of the first proposed EC method is 99194 and the number of voxel in boundary of
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the ground truth is 116687. In table. 1, there is only numbers on the upper triangle of the
table because they are used to indicate the number of difference between the boundary
voxels of result from the ground truth and the first proposed EC method when the square
structure element size of the ground truth is higher than those of the first proposed EC

method.

The percentage of the second column is equal to or high because the boundary
binary image of ground truth and the boundary binary image of result are not in the
same position in every single FTM object. The last column is getting lower and lower for
applying higher size of square structure element in both ground truth and result. For the
size of structure element, it is not surprised if the XOR result is low after applying the
dilation with high size of square structure element. Although the low of difference from
applying the dilation with high size of square structure element does not indicate the
goodness of cleansing but it should have the acceptable size of structure element which
can indicate the goodness of cleansing. We found that if size of square structure element
is 3, the XOR result can be low too as shown in the fourth column and third row in
Table. 1. Thus, the difference between the boundary binary image of the ground truth
with square structure element of size 3 in dilation operation and the boundary binary
image of the first proposed EC method with square structure element of size 3 in dilation

operation is 35.37% using XOR operation.

Table 1: XOR result between ground truth and result of the first proposed EC method

case/size 1 2 3 4
1 103% | 83.47% | 75.45% | 81.15%
2 -1 79.27% | 40.81% | 51.50%
3 - - 1 35.37% | 39.17%
4 - - - 139.37%
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(c) (d)

Figure 1: (a) a CTC image (b) ground truth (c) boundary of the ground truth (d)
boundary of the first proposed EC result



(c) (d)

Figure 2: (a) Dilation of Fig. 1(c) with square element structure element size 2 (b)
Dilation of Fig. 1(c) with square element structure element size 3 (c) Dilation of Fig.
1(c) with square element structure element size 4 (d) Dilation of Fig. 1(c) with square
element structure element size 5

APPENDIX B : Ethical consideration and King Chulalongkorn Memorial Hos-

pital permission

This research is an experimental study. Ethical consideration has been processed
and approved in October 2015 by the ethic committee, Faculty of Medicine Chulalongkorn

Univeristy as follows:
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APPENDIX C :List of Abbreviations

Table 2: List of abbreviations

Abbreviation Terms

3D 3 dimensions

ADC The adaptive density-correction method

AT layer artifact interface layer between air and fecal-tagging material

ATT layer thin soft tissue layer between air and fecal-tagging material

CTC Computed tomography colonography

DBC digital bowel cleansing

EC electronic cleansing

ECC electronic colon cleansing

EC)rey The fast three-material model [11]

ECy0p The second proposed EC method

ECyngo the syngo.via client 3.0 software of Siemen CT scanner

FTM fecal-tagging material

GDSD gradient directional second derivative

HU Hounsfield unit

oC optical colonoscopy

PEH pseudo-enhancement

PV effect partial volume effect

ROI region of interest

SEER Surveillance, Epidemiology, and End result summary staging
system

ST soft-tissue

STT layer boundary between ST and FTM

T-junction junction of three materials where air, soft tissue and
fecal-tagging material meet simultaneously

TNM Tumor, Node, Metastasis system

VOI volume of interest

XOR operation

exclusive-OR operation
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