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ABSTRACT 

Electronic colon cleansing (ECC) aims to remove the contrast agent from the CT abdominal images so that a virtual 
model of the colon can be constructed. Virtual colonoscopy requires either liquid or solid preparation of the colon before 
CT imaging. This paper has two parts to address ECC in both preparation methods. In the first part, meniscus removal in 
the liquid preparation is studied. The meniscus is the curve seen at the top of a liquid in response to its container. Left on 
the colon wall, the meniscus can decrease the sensitivity and specificity of virtual colonoscopy. We state the differential 
equation that governs the profile of the meniscus and propose an algorithm for calculating the boundary of the contrast 
agent. We compute the surface tension of the liquid-colon wall contact using in-vivo CT data. Our results show that the 
surface tension can be estimated with an acceptable degree of uncertainty. Such an estimate, along with the meniscus 
profile differential equation will be used as an a priori knowledge to aid meniscus segmentation. In the second part, we 
study ECC in solid preparation of colon. Since the colon is pressurized with air before acquisition of the CT images, a 
prior on the shape of the colon wall can be obtained. We present such prior and investigate it using patient data. We 
show the shape prior is held in certain parts of the colon and propose a method that uses this prior to ease pseudo-
enhancement correction. 
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1. INTRODUCTION 
Colon cancer is the second deadliest cancer in the US [1]. Worldwide, it accounts for 945,000 new cases and 500,000 
deaths each year [1]. Most colon cancers begin as benign polyps that can be found by colonoscopy. Optical colonoscopy 
is considered the gold standard for finding polyps and involves passing an endoscope through rectum and screening 
colon. The incident of colon cancer can be reduced by polypectomy using colonoscopy screening [2]. However, optical 
colonoscopy requires sedation and is an invasive procedure  

CT colonography (CTC) is a rapidly evolving non-invasive alternative for optical colonoscopy for detecting polyps 
[3,4,5,6]. The American Cancer Society (ACS) has most recently added CTC study to its screening guidelines for 
colorectal cancer. Recently, several large-scale multi-center clinical trials (ACRIN, IMPACT, etc) for virtual 
colonoscopy have successfully finished, demonstrating the sensitivity of CTC in the detection of polyps on a par with 
that of optical colonoscopy. These trials validated the clinical use of CTC for early detection of colon cancer in 
screening population, thus bringing CTC to a new exciting era. 

In a common clinical practice, oral contrast agents are included in patient’s diet along with high amount of liquid just 
hours before the scan. Laxative drugs are also administrated before the scan to minimize the amount of residual stool. 
We refer to this method as liquid preparation. An efficient electronic colon cleansing (ECC) method is therefore 
essential for removing residual fecal materials for visualizing the entire colonic mucosa and for Computer Aided 
Detection (CAD) of polyps in the colon. Different approaches have been taken towards ECC. A probabilistic method 
with special regularization through Markov random field is utilized in [4,5]. Fuzzy clustering and deformable models are 
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utilized in [8,9]. A low level classification based on statistical analysis of intensity values of 3D neighborhood of each 
voxel is used in [10], followed by a high level processing technique to extract colon lumen. Different artifacts caused by 
the contrast agent have also been considered. For example, the residual enhancement (pseudo-enhancement) of the 
contrast agent on the colon wall caused by scattering of photons is corrected in [11].  

Unfortunately liquid preparation requires physical colon cleansing. Fecal tagging of the unprepared colon has been 
proposed as a method to reduce discomfort, side effects and sleep disturbance of bowel preparation [1]. We refer to this 
method as either solid colon preparation or unprepared colon CTC, which does not require use of laxative drugs. Recent 
study has shown that ECC can increase the sensitivity and specificity of the CT colonography with solid preparation 
[15]. Previous research on ECC for solid preparation is limited. Carston et al [14] propose an iterative algorithm for stool 
subtraction, which successfully eliminates untagged parts of the stool. However, it removes colon folds in the ECC 
process, impairing the visualization and polyp detection.  

In this paper, we address the ECC in both preparation methods. In the liquid preparation, physics of the meniscus caused 
by surface tension is explained and the differential equation governing its shape is derived. Some preliminary results 
verifying the approach with patient CT data with liquid preparation is provided. In the solid preparation, we propose an 
ECC framework with three major steps: (1) removing untagged parts of the stool, (2) removing the air-stool partial 
volume and (3) reconstructing tissue-stool boundary considering the pseudo-enhancement artifact. We propose a method 
to find the extent of the effect of the pseudo-enhancement. The incorporation of this method into a pseudo-enhancement 
correction algorithm is the subject of future work. 

2. MENESCUS SHAPE PRIOR 
 
Meniscus is the curve in the surface of a liquid and is produced because the liquid molecules have a different attraction 
to each other than to the container. In [3], the artifact caused by meniscus is referred to as residue that remains in tub 
after bath (Figure 1 (a) & (b)). Left on the colon after ECC, meniscus impairs the 3D visualization and can be misleading 
to the radiologist or to the computer aided detection technique. In our colon CAD (computer aided diagnosis) system, a 
large number of false positives are generated in the initial candidate generation phase. Knowledge of the shape of the 
meniscus can help to design algorithms to remove this type of false positives. Such knowledge can also improve ECC 
for visualization. The evolution of the meniscus shape is still an unanswered question [12]. To simplify the problem, we 
assume steady state condition and derive the differential equation that governs the shape of the meniscus. We then 
examine the differential equation on the experimental data. The prior of the shape of the meniscus can be utilized in two 
important applications: (1) to enhance 3D visualization, and (2) to improve the sensitivity and specificity of colon CAD 
systems. 

 

 
 

Fig. 1. (a) & (b) Uncleansed and cleansed images respectively. Characteristic linear artifact where air-fluid level interfaces 
with colon wall (arrows in (b)) has been likened to residue that remains in tub after bath. (c) Capillary rise of a liquid. 
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2.1 Meniscus Shape Profile  

 

For very narrow tubes (up to 2mm in diameter for water in glass tube), the shape of the meniscus is assumed to be 
spherical. For larger tubes the meniscus has a complicated shape. At a point with distance r from the center (Fig. 1 (c)), 
we have 
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where Δp(r) is the pressure difference caused by the curvature of the meniscus surface, R1 and R2 are local radii of the 
meniscus surface in two dimensions, γ is the surface free energy in the solid-liquid interface† and the differentiation is 
performed with respect to r. This equation states that the pressure difference induced by the curvature of a liquid is 
proportional to its local curvature. Substituting Δp(r) = ρgz(r) where ρ is the density of the liquid and g is the 
acceleration due to gravity, we have [12]  
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which determines the shape of the meniscus given the boundary conditions. This differential equation is valid even if the 
container wall is not vertical. 

 

2.2 Edge Detection 

The boundary between the tagged material and air should be calculated with subpixel accuracy. Such accuracy is 
required for calculating the first and second order derivatives in equation (2). We apply a simple recursive algorithm for 
edge detection as follows: 

1. A Gaussian smoothing is applied to the image followed by gradient calculation in the z and r directions, 
resulting in Iz and Ir respectively. Izr = (Iz

2+Ir
2)1/2 is calculated from Iz and Ir.  

2. A binary mask M is calculated according to the steps a and b below. Nonzero pixels of the mask encompass the 
boundary between the tagged material and air. 

a. The air is found by a simple semi-automatic region growing technique where the seed is manually 
placed. 

b. The liquid-air boundary is characterized by high negative gradient in the z direction. The mask is 
found by thresholding Iz and eliminating the ones in the mask that are not below air. The mask is 
shown in Figure 2 (a). The mask contains about 5 nonzero elements at each r (the width of the mask in 
Figure 2 (a)). 

3. The boundary with subpixel accuracy is found by calculating the first moment of the weighted gradient image 

w.Izr along vertical lines (constant r), where 
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=  is an exponential weight with z0 = z0(r) as the center 
line of the mask M at the corresponding vertical line (constant r). We set σ = 2 pixels. The resulting boundary is 
shown in Figure 2 (b), superimposed on the CT image. 

4. The discontinuities in the mask are carried over to the boundary resulting in non-smooth result (Figure 2 (b)). 
To overcome this problem, the algorithm returns to step 3 with the new boundary used for z0 = z0(r) (no new 
mask is created since only the centerline is required for computing w).  

5. The algorithm stops iterating when the boundary stops changing considerably. The final boundary is shown in 
Figure 2 (c) which is obtained after 24 iterations. 

 
 

                                                 
† Accurately speaking, γ is the difference in surface free energy between the solid-gas interface and the solid liquid 
interface.  
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Fig. 2. (a) Binary mask M created by thresholding the vertical gradient Iz. Tagged material is in below the mask and air is on 

top of it. (b) The resulting boundary calculated from Izr using the binary mask and the exponential weight w in the first 
iteration (c) Final boundary results after 24 iterations. 

 
An important feature of the algorithm is that the final result is independent of the initial threshold: although different 
thresholds result in different masks M in the beginning, the boundary converges to the same result after few iterations. 
Figure 2 (a) shows the first iteration of the subpixel boundary generated from two different masks M corresponding to 
two different thresholds. Since the masks are different, the resulting subpixel boundaries are also different. Figure 2 (b) 
& (c) show the boundary in the second and third iterations. The two boundaries are converging to the same result. Figure 
2 (d) shows the boundary at the eighth iterations, where the two boundaries converge. The dashed line corresponds to the 
mask M which is obtained with a smaller threshold. Therefore, the detected boundary is one pixel longer in the right. 

 

(a) (b)  

(c)   (d)  
Fig. 3. (a) – (d) respectively correspond to the calculated boundary at 1st, 2nd, 3rd and 8th iterations. The corresponding binary 

masks M of the two solid and dotted lines are obtained with different thresholds (the solid line corresponds to a mask 
obtained with larger threshold).  

 

Proc. of SPIE Vol. 7260  726019-4



50

40

30

20

10

0 IS 20 25

(a)

2 4 6 10

(b)

 

 

2.3 Meniscus Prior Validation Results 

The calculated boundary is then inserted into equation (2) to calculate the unknown coefficient γ/ρg. The first derivative 
z' is calculated by forward differencing z and the second derivative z'' is calculated by backward differencing z'. The 
coefficient can be computed using all the pixels on the meniscus profile. Figure 4 (a) shows the computed γ/ρg from 35 
CT slices. At the end of the meniscus profile (where it touches the container wall) the calculated boundary is not 
accurate because the tagged material is very thin in this region. Therefore, solving equation (2) for γ/ρg is not robust. 
Also at its beginning (where it starts rising from the liquid surface), the z, z' and z'' values are very small and again γ/ρg 
estimate is not consistent. Limiting the computation to the two middle points of the meniscus profile results in a more 
consistent γ/ρg estimate (Figure 4 (b)). The γ/ρg parameter is estimated to be around 5 from Figure 4(b). 

We repeated the experiment for CT images obtained from 20 other patients. Similar results were obtained for the γ/ρg 
parameter. Such consistency indicates that the differential equation (2) along with the estimated surface tension 
parameter can be useful as an a priori knowledge for meniscus segmentation, where image data alone can contain 
substantial noise. Having the a priori knowledge of meniscus profile, development of an ECC method without the 
artifact of Figure 1 (b) is underway. 

 

 
 

Fig. 4. The coefficient γ/ρg histograms calculated from (a) all points of the curved part of the boundary (starting from the 
top point of the meniscus extending for 5 pixels) and (b) the middle two points of the boundary (3 to 4 pixels away 
from the top point of the meniscus). 

3. ECC IN UNPREPARED COLON 
CTC without colon preparation does not require use of laxative drugs and is therefore much more convenient than CTC 
with liquid preparation of colon. ECC of unprepared colon is challenging for multiple reasons. First, although the stool is 
tagged with high attenuation materials, some of its parts do not have high attenuation due to its high degree of 
heterogeneity. Therefore a simple thresholding algorithm leaves many parts of stool. Second, partial volume effect 
creates voxels with the attenuations similar to colon wall at the boundary of stool and air. And third, pseudo-
enhancement increases the attenuation of tissue close to tagged material due to scattering of photons. A three-step 
method for ECC of unprepared colon is proposed in this section. We try to address each of these three challenges in each 
step. 

 
3.1 Removing Untagged Parts Of The Stool  

A binary volume B1 with the same size as the CT volume is generated and all voxel values are initialized to zero. Voxels 
with intensity more than a threshold T1 are set to one. Threshold T1 is chosen to be 375HU, such that all the voxels with 
intensity of one correspond to properly tagged stool. A 3D flood fill operation is performed to remove the untagged parts 
of the stool. As a result, the icelands of low intensity voxels isolated inside the stool are removed, resulting in the binary 
volume B2. Figure 5 (a) shows six CT slices of a patient with solid colon preparation. Figure 5 (b) shows the 
corresponding slices after removal of the tagged and untagged stool using B2. The untagged parts of the colon that are 
contained in the tagged parts are removed. 
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Fig. 5. (a) Six CT consecutive slices with the tagged stool. (b) CT slices after removal of tagged and untagged stool. 

 

3.2 Removing The Air-Stool Partial Volume (PV) 

The air-stool boundary is identified as follws 
    1. The perimeter of the stool is found by morphological operations (subtracting B2 from its dilation) on B2. 
    2. Send 18 rays in 3D [16] out from each voxel on the boundary. Each ray 7 voxels long. 
    3. Pick 6 rays that go through maximum number of air voxels, i.e. voxels with attenuation less than -875HU. 
    4. If total percentage of air voxels in the 6 selected rays is more than 40%, add voxel to the mask B2. 
    5. Repeat 3&4, but pick rays with maximum number of stool (>375HU) and add the voxel to the mask if stool voxels 
are more than 40%.  
    6. Iterate 1-5 for five times (PV thickness). 
    7. Remove any island in the air using 3D flood fill. 
 
Step 5 is necessary for removal of parts of stool that are not tagged properly and are not contained in tagged stool (are 
close to the boundary of stool) and therefore are not removed after the 3D flood fill of Section 3.1. Figure 6 (a)-(c) show 
the CT slices corresponding to that of Figure 5 (b) after the 1st, 2nd and 3rd iterations of steps 1-5 respectively. Figure 6 
(d) shows the corresponding CT slices after completion of step 7. 
Figure 7 and 8 show how the method performs at colon folds. While most of the tagged material is removed, folds are 
remained intact after detagging. A final step that reconstructs the parts of the colon wal that is in touch with tagging 
material will complete ECC. 
 

(a) (b) 
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Fig. 6. (a)-(c) The CT slices corresponding to that of Figure 5(b) after the 1st, 2nd and 3rd iterations of steps 1-5 respectively 

for removing air-stool PV. (d). The corresponding CT slices after completion of step 7. 

 
 

  
Fig 7. (a) Colon folds covered with stool. (b) Results of removing stool after completion of step 7. 

 

(a) (b) 

(c) (d) 

(a) (b) 
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Fig 8. (a) Colon folds covered with stool. (b) Results of removing stool after completion of step 7. 

 

3.3 Measuring Pseudo-Enhancement 

The tagging material artificially enhances the attenuation of nearby tissue in CT imaging. This pseudo-enhancement 
might hide polyps covered with tagged materials. Nappi and Yoshida [17] have proposed an iterative approach for 
correcting pseudo-enhancement. At each iteration, it is assumed that voxels with attenuation of more than some 
threshold artificially enhance the attenuation of their neighboring voxels. The enhancement is a Gaussian function of the 
distance of the neighboring voxel. Residual enhancement effect calculated at each iteration causes some additional 
enhancement, which is taken into account in the next iteration. The correction algorithm is shown to improve the ECC 
results visually. It is also shown to be effective in improving CAD performance. 

The variance of the Gaussian function, however, is different for tagging materials with different attenuation and also 
depends on the CT machine. For calculating this variance, a phantom is filled in [17] with tagging materials with 
different attenuations and CT volumes of the phantom are obtained. A CT volume of the phantom without tagging 
material is also acquired to provide the reference for the calculation of the variance as a function of the attenuation of the 
tagging material. The need for fabrication and imaging a phantom is cumbersome. We call the procedure of the variance 
calculation “calibration”. 

In this section, we propose a phantomless calibration method for calculation of the variance of the pseudo-enhancement 
function. Our method uses the CT data obtained from the patient for calibration. It is based on the fact that colon is filled 
with pressured air during CT colonography. The deformation of the colon wall due to the air pressure depends on the 
pressure of the air. Since this pressure is constant across colon, a prior on the shape of the colon wall can be obtained.  

Assuming the colon wall is homogeneus and thin, its average curvature H can be calculated from the air pressure P using 
H = αP where α depends on the mechanical properties of the colon wall and its thickness [18]. The average curvature of 
a 3D surface x known as a funcion of y and z can be estimated as [19] 
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where xy and xyy  are the first and second derivatives of x with respect to y, xz and xzz  are the first and second derivatives 
of x with respect to z and xyz is the second derivatives of x with respect to y and z.  

As we mentioned, the constant curvature property is valid only if the colon wall is thin and homogenous. Therefore, one 
cannot expect the curvature to be constant at the parts of colon where folds exist. We use this prior only at fold-free parts 
of colon (which are manually selected from patient data at this stage but can be simply automized) to estimate the 
variance of the pseudo-enhancement function. We first examine the extent to which the curvature is constant. We then 
propose a method showing how this prior can be used to in calibration. 

 

(a) (b) 
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Our calibration algorithm is currently in 2D for simplicity: it assumes 2D curvature is constant. Although this is 
obviously not correct, we make this assumption for our first phantomless calibration algorithm. We test this assumption 
using the parts of colon wall that do not touch any tagging material. Figure 9 (a) shows a slice of colon CT which is 
detagged according to the algorithms proposed in Sections 3.1 and 3.2. The bottom part of the colon wall is in contact 
with tagged stool, which is clear because of the sharp drop of attenuation in this region. The blue curves show the 
subpixel boundary at the parts of the colon that do not touch tagged material. This boundary is calculated using an 
algorithm similar to the algorithm explained in Section 2.2. Axes x, y and z are shown: a subpixel value for x is know at 
each integer value of y and z. Figure 9 (b) shows the histogram of 2D and 3D curvatures calculated for each pixel on the 
boundary for multiple slices that do not contain folds. Variances of 2D and 3D curvature are 0.00254 and 0.00156 
respectively, suggesting that 3D curvature is more preserved as expected. Assuming that curvature is constant in each 
slice we reconstruct the missing air-colon wall boundary, the part of the colon wall touching tagged material. 
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Fig. 9. (a) A slice of the unprepared colon with the tagged material and air-stool PV removed according to the steps 
explained in Sections  3.1 and 3.2. (b) The histogram of the 2D and 3D curvatures.  

 

After performing the detagging steps of Sections 3.1 and 3.2, visual inspection reveals that the colon wall is receded 
where it is touching stool (Figure 9 (a)). We now reconstruct the missing part of the colon wall using the curvature 
information from the known colon wall (the blue curve in Figure 9 (a)). The left boundary (LB, Figure 10 left) is 
extended (the red curve) until it reaches the right boundary (RB) as a reconstruction of the missing boundary as follows: 

   •  The starting slope matches the slope of end point of LB. 

   •  The starting curvature is the average curvature of the end points of the LB. 

   •  The curvature is changed linearly such that it reaches the first point of RB. 

Similarly, another curve (the green curve in Figure 10 right) is calculated by starting from the right boundary (RB). The 
two red and green curves are weighted and averaged. The weight changes such that at left the red curve contributes more 
and at the right the green curve. Another weight is applied based on how the ending slope matches the slope of the 
known boundary: the curve whose ending slope matches the starting slope of the known boundary has higher weight.  

 

(a) (b) 

Proc. of SPIE Vol. 7260  726019-9



known bound
known bound

lefi to right

RE:

I O i5' 
punoq 1wau1............. 

punoq UMIJU>I 

S S

S

 

 

        
Fig. 10. LB and RB refer to the known Left Boundary and Right Boundary respectively. In the left image, the reconstructed 

curve (red curve) is generated from left to right, and in the right image the reconstructed curve (green) is generated 
from right to left.  

 

Figure 11 shows the reconstruction of the missing boundary in different CT slices. The missing bottom part is 
reconstructed from the known boundary on the left and right. The curves generated from left to right (red) and from right 
to left (green) are very close to each other in five slices. This may suggest that the constant curvature model is to some 
degree legitimate. 
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Fig. 11. Six CT slices of patient data with solid preparation after performing the detagging steps of Sections 3.1 and 3.2. The 

blue curves on the left and right of the colon wall show the known boundary, from which the missing part in the bottom 
is reconstructed. The reconstructed curves generated from left to right and from right to left are in red and green 
respectively as marked in the top left image. The curve generated from averaging the two red and green curves is in 
cyan. The three red, green and cyan curves almost match in five slices and can only be distinguished in the top middle 
image, suggesting that the reconstruction method is well behaved.  
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We can now measure how much the tagging material causes the colon wall to withdraw from its original position. Figure 
12 shows the average HU of the tagging material versus the displacement of the colon wall (the longer curve in blue). 
The HU is averaged over an area close to the colon wall where the displacement is measured. Visual inspection suggests 
that the displacement is too high for pseudo-enhancement alone.  

We hypothesize that the weight of the stool also contributes to the withdrawal of the colon wall. To test this hypothesis, 
we search for parts of the colon where stool is attached to the top part of the colon wall. The stool at these locations is 
light enough not to fall due to gravity. We then perform the detagging steps of Sections 3.1 and 3.2 and measure the 
displacement versus HU of the tagged material. The red curve in Figure 12 shows the displacement, verifying that the 
deformations of the colon wall due to gravity is not negligible compared to the deformations due to the air pressure 
applied. These results also provide information for decoupling of the two contributors to the colon wall deformation. 

As we emphasized before, the curvature prior do not hold in all parts of the colon. It entirely fails in parts of the colon 
with folds. Therefore, this is not a reconstruction method. It can be used in parts of the colon without any fold to provide 
parameters required for pseudo-enhancement correction. These parameters depend on the HU of the tagging material and 
on the CT imaging unit used. Therefore, it can substitute phantom based calibration proposed in [17].  
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Fig. 12. The displacement and corresponding standard deviation in the colon wall versus the HU of the tagging material. HU 
is averaged in 3D over a neighborhood close to where the displacement is measured. The blue curve shows the total 
displacement caused by pseudo-enhancement and gravity, and the red curve shows the displacement only caused by 
pseudo-enhancement (where stool is connected to the top part of the colon wall). 

 

4. DISCUSSION AND CONCLUSION  
We presented two novel physics-based models that can be useful in ECC and in CAD of polyps. The first model is a 
differential equation of the shape of the meniscus profile. We tested this model in the patient data and showed that it 
holds with an acceptable accuracy. The second model can be used for correction of pseudo-enhancement caused by the 
tagged material. The model is based on the fact that a homogenous, isotropic and thin pressured membrane has constant 
average curvature. We then manually selected parts of the colon where no folds exist (to satisfy the requirement of being 
thin and homogenous everywhere) and assumed that the curvatures should have small variance across the colon wall. 
We used this model to reconstruct parts of the colon wall that are in contact with the tagged material, where pseudo-
enhancement causes the colon wall to appear receded. The recession is visible in Figure 9, 10 and 11. The amount of 
recession in these figures looks too high to be caused just by pseudo-enhancement. We proposed that this recession is 
partly caused by gravitational force of the stool on the colon wall. We proposed an experiment comparing the recession 
of the colon wall in two cases: (1) where large pieces of stool (and therefore large gravitational force) is resting on the 
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bottom parts of the colon wall and (2) where small pieces are attached the top parts of the colon wall and has not fallen 
down due to gravity. The results in Figure 12 show that the apparent displacement in the colon wall is caused by two 
factors of pseudo-enhancement and gravitational forces. This experiment provides means to decouple the effect of each 
of these factors and to measure the effect of the pseudo-enhancement as a function of the tagging material’s HU.  We 
propose using this measurement to eliminate the need for phantom experiment proposed in [17] for pseudo-enhancement 
correction. Future work will focus on validation of the proposed method, specifically comparing the results with the 
phantom-based method proposed in [17]. The method proposed in Section 3.3 uses 2D curvatures for 2D (slice by slice) 
curve reconstruction. A 3D method where 3D curvatures are used and surfaces are reconstructed is also the subject of 
future work. 
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