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Abstract—An automatic method has been developed for ease of performance, degree of patient compliance, expense,
segmentation of abdominal computed tomography (CT) images and diagnostic accuracy. Among these methods, only optical
for virtual colonoscopy obtained after a bowel preparation of a colonoscopy and barium enema might be able to examine

low-residue diet with ingested contrast solutions to enhance the th fi | Ovtical | . int
image intensities of residual colonic materials. Removal of the € €entre Colon. Uptical CoIONOSCOPY  TEqUIreS “Intravenous

enhanced materials was performed electronically by a computer Sedation, takes approximately one hour to perform, has dif-
algorithm. The method is a multistage approach that employs ficulty in examing the cecum, the most distal portion, and
a modified self-adaptive on-line vector quantization technique is expensive. Barium enema requires a great deal of patient
for a low-level image classification and L_mhzes a region-growing physical cooperation to obtain X-rays at different views, and
strategy for a high-level feature extraction. The low-level clas- e .

sification labels each voxel based on statistical analysis of its has a low sensitivity. In recent years, virtual _Colonoscopy
three-dimensional intensity vectors consisting of nearby voxels. technology has been developed as an alternative method of
The high-level processing extracts the labeled stool, fluid and air massive population screening for examining the entire colon
voxels yvi'_[hin_the colpn, an‘d.eliminates bone and lung vgxels whiqh for early cancer detection [6], [7], [11], [13], [14], [18]. This
have similar image intensities as the enhanced materials and air, technology uses a computer system to navigate through the

but are physically separated from the colon. This method was S -
evaluated by volunteer studies based on both objective and sub- colon model reconstructed from the patient's abdominal CT

jective criteria. The validation demonstrated that the method has images. It has been shown that this technology is effective in
a high reproducibility and repeatability and a small error due to  imaging colonic polyps as small as 3 mm in diameter [8].
partial volume effect. As a result of this electronic colon cleansing,  All techniques that examine the colon require a clean lumen,
routine physical bowel cleansing prior to virtual colonoscopy may  g|iminating residual materials that can falsely be interpreted as
not be necessary. . . N .
_ ) _ colonic masses. Prior to any of these examinations, patients
_ Index Terms—Bowel preparation, electronic colon cleansing, ,ngergo a bowel cleansing preparation which includes either
image segmentation, virtual colonoscopy. - . L -
washing the colon with a large amount of liquids or adminis-
tering medications and enemas to induce bowel movements [7],
I. INTRODUCTION [18]. This bowel preparation is often more unpleasant than the

OLORECTAL carcinoma is the second leading cause 8];<amination itself. An alternative method of cleansing the colon

cancer-related deaths in the United States with 56 04 uld be very attractive. In virtual colon_oscopy_, contrast solu-
tg%[%s can be ingested to enhance the image intensities of the

deaths reported in 1998 and an estimated 131 600 new ca | and fluid. B Vi | . lqorith
were diagnosed [20]. Colonic polyps that are 10 mm or larg {00 anl uid. By z_iplp ying tl)mage s:Tgmentatl%nfagor;]t ms,
in diameter are considered to be clinically significant, sindgese cg{homi: tr;]aterl?s tcande V|r_tua yhrer_nO\I/ef) rolmt eh!m—
they have a high probability of being malignant [15]. Detectio ges withou i fe ba |enﬂ:mderg(|)|ng P B:S'?a OV\t/e W?S 'ng.
and removal of smaller sized polyps can eliminate over 90% P'S paper will Tocus on the development ot an automatic Seg-
mentation method to remove the contrasted colonic materials

colon cancer cases. itual Colonosco
Currently available colorectal cancer screening procedurfé’é virtu Scopy.

include digital rectal examination, fecal occult blood test, flex-
ible sigmoidoscopy, barium enema, and optical colonoscopy. II. METHODS AND MATERIALS
These diagnostic tests differ greatly with respect to safe% . .

. Bowel Preparation and Imaging Protocol
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TABLE | The nearest slice

SUBJECT INFORMATION, WHERE F AND M STAND FOR THE FEMALE AND
MALE, AND V AND P FOR THEVOLUNTEER AND PATIENT

The given voxel

The given slice
Group Training group Testing group
Gender F F M M M F M M
Age 21 | 23 | 41 | 44 | 58 § 70 25 28
Type vV |V P P |V P
Number | 1 2 3 4 5 6 7 8

The nearest slice

E_,Z_E_M’ Inc.) with ea,Ch meal ?‘nd. 120 ml of MD_GaStr_OVIeVYFig. 1. Depiction of the local volume for a voxel.
(diatriuzoate meglumine and diatriozoate sodium solutions) in
equal 60 ml amounts during the evening and in the morning
before the CT scan. All patients used the same bowel prepagamponent analysis (PCA) [1] was then applied to the local
tion with addition of magnesium citrate laxative and bisacodyector series to determine the dimension of the feature vectors
tablets and suppository for physical colon cleansing. and the associated orthogonal transformation matrix [i.e., the
Prior to acquiring CT images, 1.0 mg of Glucagon was givefarhunen—Loeve (K-L) transformation matrix]. The PCA on
intravenously in order to reduce colonic motion and spasm, féhe datasets of the training samples showed that a reasonable
lowed by introducing approximately 1000 cc of ¢@rough a dimension of the feature vectors was 5, where the summation
small bore rectal tube to inflate the colon. All CT images weref the first five principal components’ variances was more than
acquired in less than 40 s during a single breath hold. Usin@d% of the total variance.
GE/CTl spiral CT scanner, 5mm collimation with pitch between Itis computationally costly to determine K-L matrix for each
1.5-2.0: 1, depending upon the span of the colon as determifiégaset. Ageneral K—L matrix was then determined by the training
from a digital scout radiograph, was performed. Scan parangmples and used for segmenting all datasets acquired from the
ters included 120 kVp, 180—-280 mA (lower mA for volunteersjame source, i.e., from the same scanner with the same imaging
and field of view (FOV) between 34-40 cm based on the aprotocol described previously. To provide evidence for using the
dominal size. The acquired data were reconstructed at 1-mm@gneralK—L matrixforalldatasets acquired fromthe same source,
tervals with a 512x 512 array, resulting in 300-450 slices fotthe Kolomogorve—Smirnov test was performed [16], which aims
each dataset. Both supine and prone positions were scannedd@rove that all datasets from the same source could be regarded
validation purpose. For the same purpose, each volunteer wag sample setfromanidentical probability distribution. Asupine
also scanned in the following day after the first CT scan andd@taset was chosen from each of the training samples. The as-

day of low-residue diet, resulting in four datasets. sociated cumulative distribution function (CDF) was obtained
and denoted b§,(x),k = 1,2, ..., 8(some volunteers have
B. Feature Analysis of Image Data two supine scans acquired in two consecutive days). By utilizing

Il datasets (both supine and prone) in the training samples, a
eneral CDF, denoted by(x), was also computed. Thi$(x)
as regarded as the estimation of the source CDF. Then, the

To minimize computing time, the voxels outside the bod
contour were first eliminated. The remaining is called bo

voxels. This was achieved by a boundary-search algorithm [9]. ) — . . A
Similar to Markov random field (MRF) models [5], [9], [12], pothesisHQOS:(x) andS(x) areidentical distributionsnay be

[19], we assume that a three-dimensional (3-D) object ofigSted against hypothesis Hii(z) ands(x) are not identical,

similar tissue type in a CT image should be in a contiguof rk = 12..,8The d|fferer_10es pf greatest magnitude
3-D volume, naturally including partial volume effect. It is (k) = max, |S(x) — 5(z)| werelistedinTable I. .
reasonable to classify the body voxels based on the intensit he' table [17, Tabl_e V”Il g|v.es't'he critical value with a
similarity within certain spatial range. The diameter of the loc _o-tall test at a n_ommal 1% significance level of 0.45. Al
range for a given voxel should be less than 5 mm consideri erences I|§ted in Table II are less than 0.45 _(fche largest
the partial volume effect and the 5-mme-thick collimation. B)? mple siz€ |n[17,_TabIe Vi IS 20, where the critical valu_e
the acquisition protocol described above, each voxel was associated to this sample size). Hence, we accept HO, i.e.,

mm thick with size in thes—y axial plane varying from 0.64 all datasets can be regarded as coming from an identical

to 0.94 mm depending on the FOV. The chosen local vqunﬁ’éObab”ity distribution. Therefore, the general K—-L matrix
is depicted in Fig. 1. Its diameter is less than 4.6 mm in aqletermined by the training samples can be applied o segment

directions. The intensities of those 23 voxels in a local volurriagI the datasets acquired using the same scanning protocol.

form a twenty—three dimensional (23-D) local intensity vector. o .

The goal of the low-level processing is to classify the body: Vector Quantization Algorithm

voxels based on their local intensity vectors. For the low-level classification, the K—L transformation was
Each dataset consists of millions of body voxels, where eafitst applied to the local vector series. In the K—L domain, the

voxel has a 23-D local intensity vector. This requires interieature vectors were formed by the first five principal com-

sive computational effort to manipulate such a large quantippnents from the transformed vector series. Then, the feature

of vectors. To reduce the computing burden, a feature aneéctors were classified into several classes. There are several

ysis of the local vector series is necessary [3]. The principapproaches to classify the vectors [4]. In general, an automated



1222 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 19, NO. 12, DECEMBER 2000

TABLE I
THE GREATESTMAGNITUDES OF THEDIFFERENCEBETWEEN THE SUBJECTS= CDF AND THE SOURCE CDF

1 2 3 4 5 6 7 8
D(k) 0.2361 0.1191 0.0459 0.10605 0.1243 0.0635 0.0812 0.0601

algorithm is desired, i.e., an unsupervised self-adaptive vector

guantization (VQ) algorithm is a candidate. A self-adaptive

on-line VQ algorithm was developed and is presented below.

Let X;,i = 1,2, ..., N, be the feature vector series, where ey e B

N is the number of feature vector& denote the maximum

number of classes; aril be a threshold for vector similarity. Intensty slope

The VQ algorithm generates a representative vegtdor each
class. Lem_k_ be_ the number of feature vectors in thth class Fig. 2. An example showing the intensity value change gradually from tissue
after classification. A to tissueB. The overlap area represents the partial volume region.

The algorithm is outlined as follows.

The algorithm is similar to an unsupervised clustering algo-
rithm. The number of classes and the representative vectors are
updated continuously when more vectors are included in the
calculation. From this point, the algorithm can be regarded as
a learning procedure. It depends only on two paramelsrs:
For (j=1;j < K; j4++) { thg upper bound of pos_sible clf_;\sses ahdhe vector simi-

Caloulate d; = dist(X;, a;); larity threshold. In abdom|r_1al CTlmages,there_are ro_ughlyfour .
} cIas;es that can be perceived based on their intensity features:

1) air, 2) soft tissue, 3) muscle, and 4) bone or the enhanced
residual materials. The intensity values of these four classes in-
crease from the lowest to the highest. Due to partial volume ef-
fect, there exists an intensity slope between two spatially con-
tiguous tissue areas (see Fig. 2). The voxels in this slope-area
are called partial volume voxels. To mitigate the under or over
estimation of tissue boundary, it is reasonable to find the tissue
boundary within the slope-area rather than on the edge of the
slope-area. In other words, the partial volume area should be di-
vided into two subareas. The left partial volume class is called
partial volume fromA to B and the right one is called partial
volume fromB to A. The partial volume area from to B is
labeled as tissud and the partial volume area from to A is
labeled as tissuB in this study. In the CT images, there are two
kinds of voxels within the colon lumen: 1) air and 2) enhanced
materials. Each kind has a partial volume overlap to area of soft
tissue/muscle. Assigning two partial volume classes to each of
the overlap areas results in four partial volume classes in total.
Therefore, the maximum class numi€rfor the classification

} algorithm was set to eight in this studl.is more crucial to the

classification thark. If it is too large, only one class could be
wheredist(x, ) is the Euclidean distance betweemndy, obtained. If it is too small, redundant classes may occur. Ac-
and arcmin;(d;) gives the integej which realizes the min- cording to our numerical experimentE,was set to the square
imum value ofd;. root of the maximum component variance of the feature vector

The class number and the representative vector for each clggges. This allows the VQ algorithm to achieve the minimum
can be obtained in a single scan on all feature vectors. This egss number with the maximum variance. Since T is estimated
duces greatly the computing time as compared to iterative f@m the data, the algorithm is self-adaptive.
algorithms, e.g., the LBG algorithm [10]. The representative
vector of each class is an estimation of the mean vector of tit
class. From the central limit theorem [2], the larger the numberThe results of the low-level classification were represented
in a class is, the more accurate the representative vector egsi-a labeled image with integer values. The colon lumen con-
mates the mean vector of that class. For a colon dataset, thested of four kinds of labeled voxels: 1) air, 2) partial volume
are millions of body voxels. Hence, the representative vectorfiem air to soft tissue/muscle, 3) enhanced materials, and 4)
a good estimation to the mean of that class [2]. partial volume from enhanced materials to soft tissue/muscle.

1) Set a; =X, ni=1, and f( =1;

2) Obtain the class number K and class
parameters  (ax, ng), k=1,2, ..., K.
For (i=1;i<= Njit++) {

6 = arcming(d;);
If ( (ds<T)or (K=K)) {
Update the representative vector of
the &th class:
as = (ns -as + X3)/(ns +1); ns =ns +1;
¥

Else { Generate a new class

f(:f(“rl; af(in; ng = 1;
}
}

3) Label each feature vector to a class
according to the nearest neighbor rule
For (i =1;4i <= N;i++) {

For (j =14 < K;j++) {
Calculate  d; = dist(X;, a;);

¥

6 = arcmin;(d,);

Label voxel i to the 6th class;

Extraction of the Colon Lumen
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ray from an air voxel and examining whether the ray reaches an
enhanced voxel within 2 mm.

E. Evaluation Method

Optical colonoscopy is currently utilized as the gold stan-
dard for validating virtual colonoscopy methods for detecting
colonic polyps of 5 mm or larger in diameter. For the electronic
cleansing without physical bowel washing, the gold standard is
not applicable. Instead, we acquired both supine and prone scans
for each subject and furthermore repeated the scans on the next
day for the volunteers, aiming to measure the reproducibility,
repeatability and robustness on partial volume effect of the pre-
sented electronic cleansing technique. The results were subjec-
tively judged by an experienced radiologist. Four objective pa-
rameters were calculated from the results to indirectly measure
the performance. The first two were used to measure the seg-
mentation error created by partial volume effect. The other two
were used to demonstrate reproducibility (by the same dataset)
Fig. 3. ACT slice image and the delineated contour of colon lumen. and repeatability (by both supine and prone scans of the same
subject) of the method. All these four parameters were calcu-
lated from the extracted colon lumen.

1) Average thickness of the partial volume layer (ATPV):
Y-" This is the average thickness in 3-D space of the partial
volume layer from both air and enhanced materials to soft
tissue/muscle. If this parameter is larger than 5 mm, then
polyps of 5 mm in diameter may not be accurately de-
tected.

) Partial volume percentage (PVP): PP (summation

of the volume of partial volume layer from air to soft
tissue/muscle and the volume of partial volume layer from
enhanced materials to soft tissue/muscle)/(the volume of
entire extracted colon lumen).

The volume was counted by the number of voxels in the
region. This parameter estimates the ratio of the partial
volume voxels to the entire colon lumen.

Mean intensities of the air lumen (AL) and the enhanced
materials (ERM) voxels. The intensity is in HU.

Diff(a) = (s — op|/xs) X 100%, wherec, is one

of the parameter defined previously for the supine dataset
andq,, is one corresponding to the prone dataset acquired
from the same subject on the same day. The definition
applies to the two-day scans. A smaller valléf f(a)
reflects a better reproducibility or repeatability.

These four classes were denoted by 1, 2, 3, and 4, respectivel
By applying the inverse K—L transformation to the class repre-
sentative vectors, the intensities in the original image space for
each class were obtained. Classes 1 and 3 were easily segmented
since their intensities were the lowest and the highest, respec-
tively. Since class 1 includes voxels of lung and class 3 includes
voxels of bone and these voxels are not physically associated2
with the colon lumen, we can use region-growing strategies to
remove the non colon-lumen voxels from classes 1 and 3. This
is the high-level processing.

We removed lung voxels first. The regions of lungs are two
contiguous 3-D volume on the left and right sides of the chest. If
FQOV covers the entire colon, air voxels in the top slice must be
lung voxels. Two air voxels for both left and right lungs were 3)
determined as seeds for growing out the entire lung volume
by using a region-growing algorithm. After removing the lung 4)
volume, the remained voxels in class 1 were inside the colon
lumen. Given the air lumen, the partial volume voxels of class
2 from air to soft tissue/muscle were then determined because
they were contiguous to the air lumen in both geometry space
and intensity feature.

Assuming that bone is separated from colon lumen, the voxels
of enhanced materials were then determined from class 3 by a
seed in the lumen with the region-growing algorithm. If a voxel
belonged to class 3 and there existed at least one voxel of aiFor subjects 3, 4, and 6, only supine scan was acquired (Table
in the lumen which was 2.5 mm or less away from the givel). For subjects 1, 2, 5, and 7, both supine and prone scans were
voxel, it was a seed for growing out the volume of the enhanceadquired on two consecutive days. Subject 8 was scanned in the
materials. The partial volume voxels of class 4 from enhancedpine position on two consecutive days. There was a total of
materials to the soft tissue/muscle were determined by findi@d datasets, 13 in supine position and eight in prone position.
the class closest to the material class in both geometry space @hd 15 datasets in the training samples were used to determine
intensity feature. Given the four classes of voxels representithg size of the feature vectors and the general K—L matrix. It
the colon lumen, the last task was to label the boundary voxét®k nearly 6 hours to generate the K—L matrix. This matrix
between air and enhanced materials in the image space. Thevess then applied to segment all the 21 datasets. Fig. 3 shows a
hanced material forms a basin-like volume with a flat surfageT slice image and the extracted lumen contour within the CT
due to the gravitation [9]. This surface was the boundary bienage. Fig. 4 depicts the removed enhanced materials in 3-D.
tween air and enhanced material, and was found by sendingig. 5(a) displays the outside view of the entire extracted colon

I1l. RESULTS AND DISCUSSION
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@ (b)

Fig. 5. The overview of the entire colon lumen (a) and the inside view of a segment of colon lumen (b).

lumen and Fig. 5(b) shows the inside view of a colon segmentmained on the wall surface near the boundary between
These figures were generated from subject 8. The segmentaidnand enhanced material, these were smaller than 5 mm
of the colon lumen took less than 9 minutes on a SGI/Octaaad were not clinically significant. In one subject, at some
desktop workstation with dual CPU’s of R10000, 250 MHz, anldcations, the small bowel adjacent to the colon, appeared
890 MB RAM. No parallel implementation was utilized. Sincéattached” to the colon lumen. For example, subject 1 did
we did not utilize seeded region-growing technique to grow oabt follow the diet instruction, eating a big breakfast on the
the lumen, our method was able to delineate all segments of fiist day prior to CT scan, which resulted in the stomach and
entire colon lumen when collapses presented. small bowel filled with enhanced materials. The extracted
lumen included part of the stomach and several small bowel
segments. (In the second day after correcting the error, the
colon lumen was successfully extracted). For subject 7,
due to a 5-mm thickness collimation, some boundary areas
The radiologist examined the segmentation results abdtween the lungs and colon were not resolved, resulted in
was satisfied. The entire lumens from 13 datasets of subjectsinection of lungs and colon lumen. The algorithm could
2,3, 4,5, 6, and 8 were successfully delineated, where fatill remove the enhanced materials and extracted the lumen
datasets showed colon collapses. The enhanced mateiiattuding part of the lungs. (A smaller slice collimation
were removed satisfactorily. Although some small artifacta data acquisition is recommended). Excluding the two

A. Subjective Evaluation
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TABLE Il
PARTIAL VOLUME ERROR ESTIMATION

ATPV (mm) Mean Intensity (HU) PVP

AL ERM
S1 Supine 2.06 -888 857 4.9%
Prone 1.89 -887 812 5.0%
S2 Supine 2.38 -905 891 9.2%
Prone 2.57 -897 847 9.8%
S8 Supine 2.17 -906 872 6.9%
Prone 2.09 -901 908 7.1%

TABLE IV
REPEATABILITY TEST
Diff(.)

ATPV AL ERM PVP
S1 8.3% 0.11% 5.25% 2%
S2 8.0% 0.9% . 4.9% 6.5%
S8 3.7% 0.6% 4.1% 2.8%

datasets of subject 1 and four datasets of subject 7 from tlesolution. This may be achieved by a multidetector ring CT
total 21 datasets, 15 lumens were successfully delineawdtem.
and were inspected using our developed virtual colonoscopyin our algorithm, the colon lumen is delineated by removing
system [7], [8]. The attached areas between colon and snthl volume which is not associated with the colon lumen, rather
bowel, as well as between colon and lungs, were deletdthn finding some seeds of the colon lumen to grow out the
manually before navigating through the colon lumens. Thantire lumen. This ensures that the entire colon lumen could be
navigations through both supine and prone scans, as welldadineated even if there are collapsed segments. This is a very
the second day scans of each subject agreed each other, at&ractive advantage considering that the colon collapse happens
they agreed with the assumed gold standard that the yourepuently.
volunteers have no polyps. The partial volume effect was considered in our algorithm.
The average partial volume layer shown in Table Il is 2.57 mm
or less in thickness. This ensures that polyps of 5 mm or larger in
diameter cannot be affected by the partial volume effect within
The supine and prone datasets acquired on the same day ffafextracted colon lumen. However, some of the flat polyps
subjects 1, 2, and 8, respectively, were used to compute the gggld be missed.
rameters for repeatability test and partial volume effect mea-a|| the parameter differences in Table IV are less than 8.3%
surement. The results are listed in Tables Il and \VA where %d most of them are less than 6.5%, demonstrating good re-

means subject #. The reproducibility test from the same datagghtability of our method. This statement concurs with the sub-
was excellent, because of the fully automated process. jective evaluation.

B. Objective Evaluation

C. Discussion D. Conclusion

If the bowel preparation instruction was followed, as most OUr tWo-stage segmentation method designed for the bowel
subjects did, the segmentation results were satisfactory. The BfgParation using a low-residue diet with ingested colonic
hanced colonic materials were removed successfully except fgntrast solutions was computational efficiency and showed
some small artifacts near the area where air, colon wall, and €gtisfactory performance. Since the training samples include
hanced material connected. These artifacts form a small artfglient datasets, the segmentation method is applicable to both
cial horizontal ring on the colon wall surface that can be easif{#S€S With and without additional physical bowel cleansing.
distinguished from the colonic folds. Nevertheless, if a polyl§l0St importantly, the electronic colon cleansing technique
smaller than 5 mm is located on the ring, it could potemia”gjgmonstrated the feasibility of performm.g virtual colonosc_:opy
be missed in the virtual colonoscopy examination. Further r&ithout the need for pre-procedure physical bowel cleansing.
search is needed to minimize these artifacts for detecting smaller
polyps. If a segment of small bowel touches the colon and is ACKNOWLEDGMENT
filled with the enhanced materials, this segment may be delin-The authors greatly appreciate the valuable comments on K-S
eated with a higher probability as the colon lumen. This can kest from Dr. S. Li.
avoided by not eating any food/drink in the morning prior to CT
scan. Another possible solution is to use an interactive display REFERENCES
tool to manually correct the touched segment. The attachmenfy; ¢ chatfield and A. J. Collinsjntroduction to Multivariate Anal-
of the lungs to colon lumen can be avoided with a higher axial =~ ysis London, U.K.: Chapman & Hall, 1980.
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