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Abstract

CT colonography is one of the recommended methods for colorectal cancer 
screening. The subject’s preparation is one of the most burdensome aspects of CT 
colonography with a cathartic bowel preparation. Tagging of the bowel content with 
an oral contrast medium facilitates CT colonography with limited bowel preparation. 
Unfortunately, such preparations adversely affect the three-dimensional (3D) image 
quality. Thus far, data acquired after very limited bowel preparation were evaluated 
with a two-dimensional (2D) reading strategy only. Existing cleansing algorithms do 
not work sufficiently well to allow a primary 3D reading strategy. We developed an 
electronic cleansing algorithm, aimed to realise optimal 3D image quality for low-
dose CT colonography with 24-hour limited bowel preparation. The method employs 
a principal curvature flow algorithm to remove heterogeneities within poorly tagged 
faecal residue. In addition, a pattern recognition-based approach is used to prevent 
polyp-like protrusions on the colon surface from being removed by the method. Two 
experts independently evaluated 40 CT colonography cases by means of a primary 
2D approach without involvement of electronic cleansing as well as by a primary 3D 
method after electronic cleansing. The data contained four variations of 24-hour 
limited bowel preparation and was based on a low radiation dose scanning protocol. 
The sensitivity for lesions ≥ 6 mm was significantly higher for the primary 3D reading 
strategy (84%) than for the primary 2D reading strategy (68%) (P = 0.031). The 
reading time was increased from 5:39 minutes (2D) to 7:09 minutes (3D) (P = 0.005); 
the readers’ confidence was reduced from 2.3 (2D) to 2.1 (3D) (P = 0.013) on a three-
point Likert scale. Polyp conspicuity for cleansed submerged lesions was similar to 
not submerged lesions (P = 0.06). To our knowledge, this study is the first to describe 
and clinically validate an electronic cleansing algorithm that facilitates low-dose CT 
colonography with 24-hour limited bowel preparation.
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I Introduction

Computed tomography colonography is a structural radiological examination of 
the colorectum and is widely studied for use in colorectal cancer screening [1]. An 
important issue for large scale application is the adherence, which is closely related 
to the perceived burden of the employed screening technique [2]. The subject’s 
preparation is one of the most burdensome aspects of CT colonography with a 
cathartic bowel preparation [3]. Although such a cathartic bowel preparation ensures 
optimal image quality, it also leads to excessive diarrhoea and discomfort. Tagging 
of the bowel content with oral iodine or barium contrast facilitates CT colonography 
with noncathartic bowel preparation. Recently, several studies have shown that the 
diagnostic accuracy for polyps ≥ 6 mm remains high while using a 24-hour limited 
bowel preparation (i.e., least burdensome type of noncathartic preparations) [4–
5]. In fact, a limited bowel preparation significantly improves the acceptance and, 
therefore, likely the screening adherence [4, 6, 7]. Liedenbaum et al. showed that a 
24-hour limited iodine-based bowel preparation yields a significantly better subject’s 
acceptance and less burden compared with a 48-hour preparation [8].
Unfortunately, such preparations can adversely affect the three-dimensional (3D) 
image quality. Particularly, untagged stool can cause artefacts like incomplete 
cleansing or pseudo soft tissue structures [9, 10]. These artefacts limit a primary 3D 
reading and hinder 3D problem solving after a primary two-dimensional (2D) reading. 
Still, accurate electronic cleansing can result in shorter reading times in a primary 
3D reading strategy and to a higher confidence and less reader effort in a primary 
2D reading strategy [11]. Juchems et al. [12] studied reader performance with the 
use of electronic cleansing and found a significant improvement in polyp sensitivity 
using 3D reading with electronic cleansing versus 3D reading without electronic 
cleansing. Importantly, less experienced readers achieve a higher sensitivity with a 
3D reading strategy as compared to a 2D reading strategy [13]. Recent guidelines, 
summarising the evidence by experts in the field, emphasise the need for both 2D 
and 3D visualisation [14, 15].
Apart from the burden associated with the bowel preparation, the acceptance of CT 
colonography as a screening technique is also influenced by the radiation exposure. 
The radiation burden should be as low as possible to ensure a high benefit-risk ratio. 
At the same time, a low-dose scanning protocol leads to increased image noise 
which complicates electronic cleansing and significantly affects polyp detection [16].
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We developed a new electronic cleansing algorithm, aimed to realise optimal 3D 
image quality for low-dose CT colonography with 24-hour limited bowel preparation. 
We hypothesise that electronic cleansing does not lead to a degradation of a polyp’s 
conspicuity in a 3D viewing mode and, even stronger, that it enables a primary 
3D reading strategy. To our knowledge, no earlier study described an electronic 
cleansing algorithm for low-dose CT colonography with 24-hour limited bowel 
preparation.

A. Related Work
Much of the previous technical work on electronic cleansing has been validated 
on data obtained with extensive patient preparation. The following summary was 
largely adapted from [17].
Initially, Lakare et al. [18, 19] addressed the cleansing problem by exploiting the 
unique local signature caused by partial volume voxels bordering on the fluid mask. 
The intensity profile is considered a unique property of each type of material 
transition. Typical edge profiles that are present between materials, e.g., air and 
tagged material, are identified by rigorously “exploring” some 3D CT datasets in a 
separate learning phase prior to the actual cleansing. During cleansing, for each edge 
voxel, the profile is selected from the learning set that fits best to the encountered 
intensity profiles. A transfer function is defined for each such profile in order to 
remove the partial volume problem during rendering. In later work, Lakare et al. [20] 
created 23D feature vectors of local data values that are reduced to five dimensions 
by principal component analysis. Clustering takes place in this low-dimensional 
space using a vector similarity measure. A threshold on the average intensity of each 
class is used to classify voxels to be tagged residue.
Zalis et al. [21, 22] constructed a binary subtraction mask to segment the bowel 
content and addressed the partial volume problem using a colon-surface 
reconstruction routine. Data values represent a distance measure to the subtraction 
mask. Wang et al. [23] presented an improved electronic colon cleansing method 
based on a partial volume image segmentation framework, which is based on the 
well-established statistical expectation-maximisation algorithm.
Franaszek et al. [24] developed a segmentation procedure which represents individual 
air- and fluid-filled regions by a graph that enables identification and prevention 
of undesired leakage through the colon wall. The proposed hybrid algorithm uses 
modified region growing, fuzzy connectedness, and level set segmentation. Wang et 
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al. [25] also investigated a maximum a posterioriexpectation–maximization image 
segmentation algorithm which simultaneously estimates tissue mixture percentages 
within each image voxel and statistical model parameters for the tissue distribution.
Cai et al. [9, 10] developed an electronic cleansing method, called structure analysis 
cleansing. A structure enhancement function and a local roughness measure are 
integrated into the speed function of a level set method for delineating the tagged 
faecal material.
To our opinion, the variety of presently proposed algorithms reflect that a perfect 
solution has not been found yet. Accordingly, incomplete processing is still reported 
to leave artefacts [11]. A specifically noticeable problem is posed by the distracting 
bumps emanating from locations where air, soft tissue, and tagged material meet. 
Lately, an electronic cleansing algorithm was proposed aiming to improve the 
accuracy at such three material junctions [11, 17, 26]. The method is automated 
and adapts to patient specific conditions, such as the local variation of the tagged 
material density. The algorithm assumes that the measured CT value arises due to 
a combination of three materials: air, tagged material, and soft tissue. It estimates 
the percentages of these materials in each voxel. Subsequently, the tagged 
material fraction is simply “replaced” by air, to arrive at a new, cleansed CT value. 
Unfortunately, this method still assumes that the three materials constituting the 
junction have a homogeneous composition which makes the method not adequate 
to deal with the limited bowel preparation data.
Recent work by Cai et al. describes an electronic cleansing technique based on a 
mosaic decomposition method for use with a limited bowel preparation [9, 10, 27]. 
This method solved the artefacts often associated with a limited bowel preparation. 
It was tested on cases that underwent a 48-hour bowel preparation consisting 
of a low-fibre, low-residue diet, and oral administration of Omnipaque with a 
total ingested amount of 75 mL of iodine (300 mg I/mL concentration). No clinical 
evaluation of this cleansing method was performed yet. Visualisation techniques 
can be found in [28–30].

B. Objective
The objective of this study is to enable 3D visualisation of CT colonography data for 
use with a 24-hour limited bowel preparation and a reduced radiation dose. This is, 
to the best of our knowledge, currently not feasible. Examples of typical artefacts 
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prevalent in such data are shown in Figure 1. The properties that an electronic 
cleansing algorithms must possess to allow a limited patient preparation are:
1) ability to cope with heterogeneous bowel content;
2) reconstruction of a smooth colon surface that does not distract the radiologist;
3) preservation of polyps in badly tagged regions.
Heterogeneous mixing of materials as well as highly curved and irregular material 
interfaces as depicted in Figure 1 complicates a simple solution to electronic 
cleansing. In order to visualise the colon wall such that it accurately represents 
the shape of the colon wall and that it does not show distracting artefacts to the 
radiologist, a subvoxel precision is required. Thereby, the main challenge is to 
retain all polyps in the data, even when polyps are submerged in a heterogeneously 
tagged fluid. To secure the preservation of polyps, we will make use of the extensive 
knowledge about the appearance of colonic polyps that was acquired in developing 
techniques for computer-aided detection of polyps [32, 33].
In this paper, we present a plug-in pre-processing method to the electronic cleansing 
method by Serlie et al. [11, 17, 26]. The pre-processing acts as a preconditioning 
step which fills the heterogeneities in poorly tagged faecal material to meet the 
input requirement of Serlie’s electronic cleansing method. Several novelties 
are introduced in order to do so. First, the removal of heterogeneities in poorly 
tagged faecal matter by a principal curvature flow algorithm. Second, a robust 
reconstruction of the colon surface, including all polyp candidates, using a logistic 
classifier. This corrects the negative side effects of the first step such as erroneously 
removal of polyp-like protrusions on the bowel wall. Third, we demonstrate the 
effects of our technique on the sensitivity, reading time, and lesion conspicuity in 
a clinical evaluation on data acquired with a reduced radiation dose after a 24-hour 
limited bowel preparation.

Figure 1 Examples of typical cases emanating from a limited bowel preparation and a low 
radiation dose.
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II Materials and methods

A. CT colonography data
The new electronic cleansing method will be evaluated on four subject groups, 
each with a different variation of limited bowel preparation scheme and a low 
radiation dose scanning protocol (Table 1, groups “A”–”D”). Fifteen CT colonography 
examinations were randomly selected from one former study (group “A”) [4], 
supplemented by all (three times fifteen) examinations from another recent study 
(groups “B”–”D”) [8]. Each subject was scanned in prone and supine position. CT 
reconstruction of all datasets was done using standard filtered back-projection. All 
participants underwent a low-fibre diet starting the day before the CT-colonography 
examination. The fifteen subjects from the first study were scanned at a tube current 
of 40 reference mAs whereas the subjects from the second study were scanned at a 
tube current of 25 reference mAs. Note that both radiation levels are lower than in 
previous studies on electronic cleansing. The amount of tagging agent (meglumine-
ioxithalamate; Telebrix Gastro 300 mg I/mL; Guerbet, Cedex, France) ranged from 
4 × 50 mL (group “A”) to 3 × 25 mL (group “D”). This is relevant as it is well known that 
the tagging agent has a laxative effect and, therefore, a low tagging dose is preferred. 
We are unaware of any electronic cleansing algorithm that has been developed and 
evaluated for CT colonography with 24-hour limited bowel preparation as in the 
aforementioned studies [4, 8].
One third of these data, i.e., five subjects per group, was randomly selected for 
development and training of the algorithm. The other ten subjects of each group 
were reserved to be included in the evaluation study. Colonoscopy served as the 
reference standard for all cases. All annotated lesions were reviewed by a research 

Table 1  Data sets used
Data 
set

Number of 
subjects

Radiation 
level

Tagging 
agent

Number of lesions in test set Reference

Training/testing/
total

Reference 
mAs

mL ≥ 6mm ≥ 10mm submerged

A 5/10/50 40 4x50 15 8 7 [4]
B 5/10/15 25 3x50 7 4 0 [8]
C 5/10/15 25 4x25 2 1 1 [8]
D 5/10/15 25 3x25 10 7 0 [8]
O 15/0/1233 100 620 0 0 0 [31]

Total 35/40/1328 34 20 8

Overview of the data sets used in this paper.
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fellow to determine whether the polyps measuring ≥ 6 mm were (partially) covered 
by faecal material or surrounded exclusively by air. Considering prone and supine 
positions as separate cases yielded three lesions in the training set that were covered 
by faecal matter. The test set contained 66 lesions; 58 of them were not covered by 
faecal matter; eight were covered by faecal matter. The effective radiation dose of 
the employed protocols for an average person (hermaphrodite of 70 kg) is: 3 mSv for 
40 reference mAs and 2 mSv for 25 reference mAs [34, 35].
The training set based on datasets “A”–”D” did not contain sufficient polyps for 
reliably training the classifier. For the training of the classifier, we also included 
data from another study [31], only to extend the number of samples in the polyp 
class, see Table 1 (group “O”). We showed in earlier work on computer-aided 
detection of polyps that our classifier is robust against this approach. This study 
originally concerned 1233 patients in total that all adhered to an extensive laxative 
regime, including contrast agents for stool tagging (50 mL barium [Scan C, Lafayette 
Pharmaceuticals] and 120 mL of diatrizoate meglumine and diatrizoate sodium 
[Gastrografin, Bracco Diagnostics]). CT colonography was performed in prone and 
supine position at a tube current of 100 reference mAs. The reference standard 
was optical colonoscopy. In total, 210 polyps larger than or equal to 6 mm were 
identified as such. Radiologists had retrospectively indicated the location of polyps 
based on the reference standard. A research fellow selected all those patients that 
were considered to harbour polyps larger than 6 mm and that were fully submerged 
in the contrast medium in either scan position. In the end, this delivered 15 such 
patients with 15 polyps. More details about these data may be retrieved from [31]. 
Note that these data were only used for the development of the classifier and not in 
evaluating the performance of the new electronic cleansing method.

B. Step 1: Filling heterogeneous tagging
The normal anatomy of the colon surface can be globally considered a cylindrical 
structure which is interrupted by indentations, the so-called haustral folds. 
Colorectal polyps/cancer typically appears as spherical protrusions into the bowel 
lumen. Analysis of the surface curvature (cylindrical, ridge-like, or caplike) facilitates 
the distinction of those structures, which is common practice in CT colonography. 
We exploit the fact that the local shape of all surfaces can be characterised by the 
principal curvatures of an isophote surface patch, even the dark objects formed 
by heterogeneous tagging. The principal curvature flow method described below 
incorporates this a prior knowledge of the local shape of the colon surface.
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Now, observe that heterogeneities within poorly tagged matter appear as irregularly 
shaped dark gray objects on a white background (properly tagged faecal remains). 
Although these heterogeneities have an irregular shape—they consist of locally 
convex patches (see Figure 2) which are characterized by two negative principal 
curvatures, κ2 ≤ κ1 ≤ 0. We present a principal curvature flow algorithm inspired 
by Van Wijk et al. [32] in which these convex regions shrink by evolving the 
structure in such a way that negative first principal curvatures κ1 are raised until 
they approach zero curvature. During the evolution, the shape of the dark objects 
become strictly convex before disappearing completely. This process is illustrated in 
Figure 3. Specifically, since the local shape characteristics of the heterogeneities are 
determined by the first principal curvature, the locally convex (dark) regions shrink 
by raising the intensities in areas where the first principal curvature was negative 
according to

                                                (1)

with κ1 and κ2 the first and second principal curvatures, | I| the gradient magnitude 
of the input image I, and g(·) a curvature dependent function characterising the flow. 
g(κ1, κ2 ) is a continuous function to avoid a discontinuous deformation, especially 
at locations where the sign of κ1 changes. Moreover, it must be small on folds with 
a small negative value of κ1 so that the deformation on such locations is negligible. 
Reversely, the response to local heterogeneities with two large negative principal 
curvatures should be large. In the end, g(κ1, κ2 ) was chosen such that the following 
partial differential equation (PDE) was solved

                                                (2)

in which Iuu is the second derivative in the direction of the first principal curvature 
[36] and Iuu is related to κ1 as follows

This shows that the intensity will increase until the largest curvature vanishes and 
there only is positive curvature left. This also means that the image intensities are 
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Figure 2 The image shows poorly tagged faecal matter. The heterogeneity is resolved by 
iteratively applying the principal curvature flow algorithm. Below the figure is the number 
of iterations of the algorithm. After 70 iterations, the image does not change significantly.

Unprocessed 15 iterations

5 iterations 25 iterations

10 iterations 70 iterations

Figure 3 A dumbbell object that simulates an heterogeneity in tagged faecal matter. The 
diagram shows the evolution of a cross-section of the object. The first iterations raise the 
intensities of the voxels in the local convex parts of the object. This moves the object’s 
contour inwards. After that, the whole object is shrunken until it completely vanishes. Each 
line represents the shape after a certain number of iterations.
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not conserved, which is different from, for example, a diffusion process. Figure 2 
shows a typical example. Considering the normal shape of the colon, the effect of 
this evolution scheme is negligible around the colon surface bordering air as the 
first principal curvature is large at polyps and haustral folds and close to zero in 
all other parts of the surface. For the submerged colon surface in which the sign 
of the curvatures are inverted with respect to colon–air interface things work out 
differently. A side effect to this evolution is that it affects the shape of submerged 
polyps, i.e., these polyps are gradually removed whereas the remainder of the 
submerged colon surface remains undisturbed.
The number of iterations is largely determined by the size of an object. In general, 
it takes only a few iterations for small objects, but more for large objects to reach 
convergence. As such the method adapts to the scale of an object (see also [32]). 
Consequently, there is some variation over a whole dataset. In practice, about 100 
iterations appeared to work well.

C. Step 2: Reconstruction of colon surface
The reconstruction phase addresses the issue that submerged polyps should be 
retained in the data even though they also display negative κ1. The approach to do 
so is to first obtain an accurate estimate of the colon surface without protrusions 
by applying the original electronic cleansing algorithm (see Section II-D) to the pre-
processed data. Subsequently, this estimate can be used to delineate the polyp 
candidates and to determine whether a candidate is connected to the colon wall.
Previously, a principal curvature flow algorithm served as an initial candidate 
detection step for automated polyp detection [32, 33]. Characteristic features were 
derived from the candidates after which polyps were identified by a sophisticated 
multistage logistic classifier. We adapted this classifier to the specific nature of the 
problem at hand. Automatic polyp detection requires that the sensitivity for polyps is 
maximal at the expense of as few false positive detections as possible. Here, the aim 
is to reconstruct the normal bowel wall and leave as little faecal material as possible. 
The classification system must reconstruct all polyps to permit a 100% sensitivity for 
polyps in subsequent reading strategies. To achieve this, (non-polypoid) protrusions 
of the normal bowel may be restored as well, but (preferably) not the faecal residue. 
Therefore, the classifier does not need to be as strict in separating polyps from 
other protrusions as in automated polyp detection. We realise that this requires 
a different way of setting the decision boundary of the classification system. The 
reconstruction technique was developed using a training set of five subjects from 
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each of the four patient groups “A”–”D” in Table 1 supplemented by fifteen subjects 
from group “O” to raise the number of samples of the polyp class (excluded from the 
experiments below). By adding the polyps from group “O” to training set, it becomes 
possible to get a sufficiently good description of the polyp class.
Practically, candidates for restoration are defined as regions with an increase in 
intensity of more than 200 HU. This value is (approximately) the lower bound for the 
difference between the tagged material and tissue. The limit of 200 HU is comparable 
to the threshold that was previously used for polyp candidate selection [32]. The 
objects not retained after this step typically correspond to noise and (irrelevant) 
small protrusions of the bowel wall, i.e., smaller than a 6 mm polyp.
Among the candidates detected one finds “floating debris.” In addition, candidates 
may (partially or fully) cover areas with a high signal intensity surrounded by 
material with even higher intensities. Reversely, there may also be areas with low 
intensities, e.g., due to the presence of air. Therefore, we impose the requirement 
that candidate areas must be connected to the colon wall and contain intensities 
in the soft tissue range. To do so, the electronic cleansing algorithm (see below) 
tentatively identifies the colon’s inner surface after the application of second-order 
curvature flow. Subsequently, we propagated [37] the bowel surface into connected 
candidate voxels with signal values higher than -200 HU. Note that this may yield 
smaller candidate objects, while air is discarded. The parameters associated with all 
these heuristic conditions were set to have 100% sensitivity for polyps in the training 
set. One might observe that candidate objects of higher intensity are not considered 
in this step of the algorithm, because they will be removed by the cleansing step (see 
below) which is designed to remove all (tagged) high intensities voxels.
Subsequently, a simple classifier will be applied to discard most of the remaining false 
positives, caused by untagged stool, mixing with air, etc. Conventionally, automated 
polyp detection relies on the two properties used by radiologists: the shape of a 
candidate and the intensity distribution inside a candidate. Unfortunately, the shape 
of a candidate appeared to be a non-distinguishing feature for the current problem. 
We attribute this to the variety in shapes of poorly tagged material due to which it 
may closely resemble both polyps as well as non-polypoid structures. Therefore, we 
rely on intensity features of the candidate objects represented by the candidate’s 
mean intensity and its minimum intensity. We use a linear logistic classifier that 
acts on these features, trained on the objects in our training set. This classifier was 
used previously for automated polyp detection and is robust against severe class 
imbalances [38]. Again, we require that the sensitivity for polyps is 100% in the 
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training set. Also, we do not have to be very strict in the classification as restoring 
normal (healthy) bowel wall does not affect the goals of this study. To guarantee 
high lesion sensitivity while the number of training examples is low, the resulting 
decision boundary was shifted to at least three times the standard deviation away 
from the mean of the lesion examples composed by subjects from training datasets 
“A”-”D.” Figure 4 shows a feature space of the previously mentioned characteristics 
measured on the training set as well as the resulting decision boundary.
Finally, the restoration of detected objects simply boils down to resubstituting the 
original intensity values (i.e., prior to principal curvature flow).

D. Electronic cleansing
The final step of the method is to perform electronic cleansing, for which we 
use the technique described by Serlie et al. [26] (see the Appendix for a more 
extensive description of this method). It was found that this method leads to 
shorter evaluation time, lower assessment effort, and greater observer confidence 
than CT colonography without electronic cleansing on patients that underwent 

Figure 4 Feature space indicating the objects from the training set; black circles are lesions 
from subject group ‘O’, black dots are lesions from the training data set from subject groups 
‘A’–’D’ and grey dots are non-polypoid structures. The dashed line indicates the classifier.
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extensive bowel preparation [11]. This rigorous preparation simplifies electronic 
cleansing somewhat because the faecal remains typically have amore homogeneous 
appearance than in a limited bowel preparation. The principal curvature flow 
algorithm effectively acts as a pre-processing step that removes heterogeneities 
from tagging. As such the data become suitable for processing by this electronic 
cleansing algorithm.

E. Running times
The algorithm ran on a Dell Precision T3600 workstation incorporating a quad-core, 
2.33 GHz Intel Xeon processor, and 3.25 GB Ram system memory. All pre-processing 
as described in this paper took approximately 1 minute per dataset (thus, per patient 
position). In addition to that, the (standardly used) electronic cleansing algorithm 
also took about 1 minute per dataset.

III. Experiments and results

A. Experimental setup
Assessing the performance of an electronic cleansing algorithm is a complex 
problem. Effectively, one would like to determine the performance of reading 
electronically cleansed data as well as the extent to which the algorithm modifies 
polyp shape so that it is not detected anymore. The former is accomplished by a 
clinical evaluation (part I, below), the latter by a polyp conspicuity study (part 
II). After all, if the electronic cleansing algorithm would change polyp shape in a 
destructive manner, this might lead to a different conspicuity. This evaluation of the 
method was performed much in the same way as by Serlie et al. [11].
1) Part I: Two observers independently evaluated the 40 cases by means of a primary 
2D approach without involvement of electronic cleansing as well as by a primary 
3D method after electronic cleansing (employing the unfolded cube flythrough 
technique [30]). As the focus of this study was to evaluate the electronic cleansing 
algorithm, the readers were not offered the possibility to observe the uncleansed 
3D data. Both observers had a previous experience of evaluating more than 200 
colonoscopy verified CT colonography cases. The cases were evaluated twice, in 
two sessions. In the first session, cases were randomly assigned to be evaluated 
either by means of the primary 3D or the primary 2D approach. Subsequently, in 
the second session, the alternative reading method was used. In both sessions, the 
cases were presented in random order. There was a six-week interval before reading 
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the identical case for the second time to avoid a recall bias. For each lesion, the size, 
location, and morphology was annotated. Furthermore, the observers rated, per 
case, their assessment effort on a 4-point Likert scale and their confidence in the 
reading on a 3-point Likert scale (Table 2). All evaluation times were recorded.
The performance of the observers in reading the data was evaluated by assessing the 
sensitivity of lesion detection as well as the diagnostic accuracy of case classification. 
The latter represents the fraction of correctly classified cases. The sensitivity and 
diagnostic accuracy of the observers were determined by an independent research 
fellow (prior experience: > 200 colonoscopy verified CT colonography cases) in 
comparison to the colonoscopy data. For primary 2D and primary 3D reading, the 
per-lesion (polyps and cancers) sensitivity and the per-case diagnostic accuracy 
were compared with a generalised estimating equation (GEE) analysis [39]. This test 
corrects for related misses and findings of the two observers. For submerged lesions 
we performed McNemar’s test because there were insufficient lesions to do a GEE 
analysis. McNemar’s test was also used to test the differences in polyp sensitivity 
of the two observers separately. The reading efforts and reading confidences were 
assessed by means of a Wilcoxon signed-rank test. For comparison of the reading 
times a paired t-test was performed.
2) Part II: The conspicuity of the polyps with and without electronic cleansing was 
examined by the same two observers more than six weeks after all readings of 
part I were completed. Prone and supine acquisitions were considered as separate 
cases in this part of the evaluation. The polyps initially covered by tagged material 
were shown after electronic cleansing; all polyps surrounded by air were presented 
as is. The lesions were presented in a 3D reading to the same two observers in 
random order. The observers indicated the level of conspicuity on a 5-point Likert 
scale ranging from “inadequate” to “good” (Table 2). For the cases classified as 
“inadequate” or “moderate,” the observers indicated, if possible, the cause. The 
lesion conspicuity of the polyps residing in air were compared with the polyps partly 

Table 2  Lickert scales
Effort Confidence Conspicuity
Very difficult 1 Not confident 1 Inadequate 1
Difficult 2 Medium confident 2 Bad 2
Easy 3 Very confident 3 Moderate 3
Very easy 4 Sufficient 4

Good 5

Likert scales used for assessment of reading effort, confidence and lesion conspicuity.
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Figure 5 Result of the 3D unfolded-cube fly-through visualisation of the cleansing before (a) 
and after (b) the electronic cleansing as proposed in this paper.

(a)

(b)

or fully covered by faecal material using a Wilcoxon signed-rank test. The results of 
the evaluation are presented in Sections III-C and III-D. For all calculations a P value 
< 0.05 is considered to indicate a statistically significant difference.

B. Pictorial results
Figure 5 displays a typical instance of the 3D unfolded cube fly-through visualisation 
without and with the proposed pre-processing, i.e., principal curvature flow 
followed by colon surface reconstruction. It can be observed that the view of the 
colon surface is severely hampered in the visualisation of the original data [see 
Figure 5(a)]. These artefacts emanate from heterogeneously tagged faecal matter. 
These artefacts made it impossible to evaluate such limited preparation data in a 
primary 3D way and hinder 3D problem solving in primary 2D reading approaches. 
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The heterogeneity filter removes the non-polyp-like objects as can be seen in the 
image resulting after electronic cleansing. Figure 6 shows examples of the pre-
processing, reconstruction and cleansing of typical structures that are covered by 
faecal remains. The first two rows show examples of heterogeneities of which at 
least one is close to the air–fluid border and at least one is close to the colon wall. 
The last row shows a polyp on a fold.

C. 2D and 3D case reading results (part I)
The results are collated in Tables 3 and 4. The overall sensitivity for lesions ≥ 6 mm 
was significantly higher for the primary 3D reading strategy after electronic 
cleansing than for the primary 2D approach (P = 0.031). The overall sensitivity for 
lesions ≥ 10 mm was also higher with primary 3D reading, but the difference was 
not significant (P = 0.160). The per-case accuracies were not significantly different. 
In total (for the two readers combined) there were eleven false positive findings 
≥ 6 mm for primary 2D reading (94% per-case specificity) and twelve for primary 3D 
reading (96% per-case specificity). We also tested the differences in polyp sensitivity 
of the two observers separately. For lesions ≥ 6 mm, the P values were 0.18 and 0.07 
for observers I and II, respectively (i.e., both not significant).

Figure 6 Examples of principal curvature flow for objects that are covered by faecal remains: 
(top row) floating stool; (middle row) heterogeneities, floating stool of which some are close 
to the colon wall; (bottom row) polyp on a fold. The first column shows the original data, 
columns 2–4 shows the data after various number of iterations, columns 5–6 show the 
results after cleansing. Note that the polyp on the last row re-appears in the reconstruction 
step as described in Section II-C.
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The sensitivity for primary 3D reading after electronic cleansing was significantly 
higher and the reader confidence was significantly lower compared with primary 
2D reading. The effort values were slightly, but not significantly decreased for 
3D reading compared with primary 2D reading, see Figure 7. The mean effort 
value (4-point Likert scale) was reduced from 2.8 (2D) to 2.6 (3D) (P = 0.060). The 
average confidence value (3-point Likert scale) was reduced from 2.3 (2D) to 2.1 
(3D) (P = 0.013). Also, the overall reading time for both observers combined is 
significantly lower for 2D reading compared with 3D reading (P = 0.005); see Table 5. 
The 2D reading time is particularly lower for observer II (P = 0.0001); for observer I 
this difference is not significant.

D. Conspicuity Scoring Results (Part II)
Table 6 shows the median values of the conspicuity scores for the two observers. 
The combined median conspicuities (for observers I + II) do not differ more than 
half a scale point and are not significantly different between the submerged and not 
submerged lesions (P = 0.092).

IV. Discussion

This study shows that our proposed electronic cleansing method enables primary 3D 
reading of low-dose CT colonography with a 24-hour limited bowel preparation. Even 
for the most limited patient preparation (group “D”) the sensitivity and accuracy 
remained high. The sensitivity of the primary 3D reading was significantly higher 

Table 5  Reading times
Observer 2D 3D Difference
I 7:38 7:32 -0:06
II 3:40 6:47 +3:07
I+ II 5:39 7:09 +1:30

Average reading times of the two observers (minutes:seconds)

Table 6  Conspicuity scoring
Submerged lesion? Median score for observer

I II I+II
No (n = 58) 4 3 3
Yes (n = 8) 2.5 2.5 2.5

Lesions in prone and supine acquisitions are considered separately. The scores are based upon the 
Likert scale for conspicuity in Table 2.
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Figure 7 Comparison of the reading effort and confidence values of the observers for 2D and 
3D reading.
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compared with the primary 2D reading for lesions ≥ 6 mm. The sensitivity of the 
primary 3D reading was also higher than the sensitivity of the primary 2D reading 
for lesions ≥ 10 mm, but the difference was not significant. Reader confidence was 
significantly lower and reading time was significantly higher compared with a 2D 
primary reading; there was no significant difference in the reader effort. There 
was no significant difference in 3D lesion conspicuity for submerged lesions after 
electronic cleansing compared with polyps residing in air. The higher sensitivity that 
we found using the primary 3D reading strategy has been reported previously as 
well [40, 41]. However, certainly not all studies point toward an improved detection 
with a primary 3D reading [42, 43]. We noted that in our data some lesions, which 
were surrounded by poorly tagged stool, were difficult to see in a 2D reading, but 
conspicuous enough in 3D to initiate a careful 2D characterisation.
The decreased reader confidence for primary 3D reading may seem in conflict with 
the improved sensitivity results. We believe that the decreased reader confidence, 
and also the higher reading times in a primary 2D reading strategy, relate to the 
prior experience of observer II. Observer II had scored image quality in 900 CT 
colonography cases in a 2D fashion, compared to a smaller number of 200 CT 
colonography cases that were read in both primary 2D and primary 3D manner [7]. 
Another explanation for reduced reader confidence may be the result of small holes 
that were occasionally present in the colon wall as well as on a few spots a large 
number of small irregularities that prevented a 2D verification for all of them. The 
latter might have required extra reading time, although primary 3D evaluation was 
more often found to take longer than primary 2D evaluation [13, 42, 44]. On the 
other hand, the holes and irregularities did not seem to have a negative influence 
on the diagnostic performance. Furthermore, it should be noted that although the 
primary 3D reading time was longer compared with the 2D primary reading time, 
these reading times are well below the average reading times reported in the 
literature [31, 45]. Hence, our cleansing algorithm facilitates time-efficient primary 
3D reading as well. In this study we did not evaluate primary 3D reading strategy 
without electronic cleansing. Furthermore, a separate study on the effect of the low 
radiation dose on the data quality was outside the scope of this study and can be 
found elsewhere [16, 46].
This study has a few limitations. As mentioned previously, the rendered colon wall 
sometimes contained small holes. For these datasets, the number of iterations of 
the principal curvature flow may have been too high. Although these holes typically 
appear in areas with very thin soft tissue structures (not likely to contain polyps or 
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cancers), we would have preferred to avoid this effect. The small irregularities on 
the bowel wall are likely the result of poorly tagged bowel content. Areas inside 
the colon where the intensity of the tagged material is below 200 HU will remain 
problematic since such poorly tagged material simply bears a very close resemblance 
to soft tissue. Furthermore, data on submerged lesions as well as the number of 
readers were limited.

V. Conclusion

Thus far, data from CT colonography with a reduced radiation dose and with very 
limited bowel preparation were evaluated using a 2D reading strategy only. Existing 
cleansing algorithms did not work sufficiently well to allow a primary 3D reading 
strategy. This study shows that the presented cleansing method allows a primary 
3D reading strategy with high lesion sensitivity for low-dose CT colonography with 
24-hour limited bowel preparation. Moreover, the results indicate that the primary 
3D evaluation significantly outperforms the primary 2D evaluation with respect to 
sensitivity for polyps ≥ 6 mm. To our knowledge this study is the first to describe an 
electronic cleansing algorithm that has been verified to be able to handle such very 
limited prepared data.

Appendix

Electronic cleansing
The following description has been taken from [11]. The electronic cleansing 
algorithm uses the environment of CT densities around each voxel to solve the 
partial volume effect. Effectively, three types of environments are modelled: pure 
materials, transitions between two materials, and junctions in which three materials 
meet. Initially, it is assessed whether the local environment matches “pure” soft 
tissue, tagged material, or air. If so, the voxel under investigation is labelled to 
contain 100% of that material. Alternatively, the local environment is compared 
with models of two-material transitions. This procedure involves selecting the 
type of transition (e.g., air or tagged material) and, subsequently, estimating the 
percentages of the (two) constituting materials. Effectively, the voxel is assigned 
material percentages depending on its location with respect to the transition. 
Simply applying this algorithm to a sample dataset leads to artefacts emanating from 
the band-shaped area where three materials meet (also described in the study by 
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Pickhardt and Choi [47]). Separate models were created for potential junctions, such 
as a thin layer of tagged material and tagged material attached to the colon wall 
under various angles. The type of junction is identified by the model that best fits 
the local configuration of CT values and the material percentages derived from the 
considered voxel’s location with respect to the junction. The algorithm takes into 
account that the image values of the materials may vary (this specifically holds for 
tagged material). We implemented the electronic cleansing method on a proprietary, 
experimental version of the ViewForum workstation (Philips Healthcare).
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