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Abstract

In computed tomographic colonography (CTC), orally administered fecal-tagging agents can be
used to indicate residual feces and fluid that could otherwise hide or imitate lesions on CTC
images of the colon. Although the use of fecal tagging improves the detection accuracy of CTC, it
can introduce image artifacts that may cause lesions that are covered by fecal tagging to have a
different visual appearance than those not covered by fecal tagging. This can distort the values of
image-based computational features, thereby reducing the accuracy of computer-aided detection
(CADe). We developed a context-specific method that performs the detection of lesions separately
on lumen regions covered by air and on those covered by fecal tagging, thereby facilitating the
optimization of detection parameters separately for these regions and their detected lesion
candidates to improve the detection accuracy of CADe. For pilot evaluation, the method was
integrated into a dual-energy CADe (DE-CADe) scheme and evaluated by use of leave-one-
patient-out evaluation on 66 clinical non-cathartic low-dose dual-energy CTC (DE-CTC) cases
that were acquired at a low effective radiation dose and reconstructed by use of iterative image
reconstruction. There were 22 colonoscopy-confirmed lesions =6 mm in size in 21 patients. The
DE-CADe scheme detected 96% of the lesions at a median of 6 FP detections per patient. These
preliminary results indicate that the use of context-specific detection can yield high detection
accuracy of CADe in non-cathartic low-dose DE-CTC examinations.
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1. INTRODUCTION

Colorectal cancer is the third most common cancer in both men and women in the United
States, where an estimated 96,830 cases of colon cancer and 40,000 cases of rectal cancer
were expected to be diagnosed in 2014.1 Nevertheless, colorectal cancer would be largely
preventable by early detection and removal of its benign precursor lesions. Recently,
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computed tomographic colonography (CTC) has been endorsed as a viable option for
colorectal screening by the guidelines of the American Cancer Society, U.S. Multi-Society
Task Force, and the American College of Radiology.2

The laxative bowel preparation that is used by conventional colonoscopy examinations has
been recognized as one of the most important barriers of patient adherence to colon
examinations. However, with CTC, the use of laxative preparation can be avoided by
administration of orally ingested fecal-tagging agents that opacify residual fluid and feces on
CTC images, thereby facilitating confident detection of lesions. A recent large-scale study
demonstrated that laxative-free preparation in combination with computer-aided detection
(CADe) can make CTC examinations easy for patients to tolerate while enabling the
detection of polyps =10 mm in size at a sensitivity comparable to that of colonoscopy.3

However, the presence of fecal tagging in the colon can produce imaging artifacts that
change the visual appearance of adjacent soft tissue on CTC images.* Figure 1 shows two
examples. In Figure 1a, a polyp that is surrounded by lumen air has the average radiodensity
of a soft-tissue lesion. When the same polyp is covered by fecal tagging, its radiodensity is
substantially lower due to beam hardening and more indicative of fatty tissue or untagged
stool, rather than a soft-tissue lesion. In Figure 1b, the colon wall surrounded by lumen air
can be seen in great detail, whereas the colon wall that is covered by fecal tagging has a
more unspecific appearance. Such image distortions affect the values of image-based shape
and texture features that are used for the detection of lesions, thereby reducing the detection
accuracy of CADe.

In this study, we developed an experimental context-specific method which can be used to
optimize detection parameters separately for air-filled lumen regions and for lumen regions
covered by fecal tagging. In air-filled regions where the image quality is high, lesion
candidates can be detected at high sensitivity, whereas in fecal-tagged regions where the
image quality is lower, the detection can be performed at high specificity to reduce false-
positive (FP) detections. For pilot evaluation, the method was integrated into our previously
developed dual-energy CADe (DE-CADe) scheme.® The detection performance was
evaluated by use of clinical non-cathartic dual-energy CTC (DE-CTC) cases that were
acquired at ultra-low radiation dose.

2. MATERIALS

Sixty-six patients were prepared for a non-cathartic colorectal examination by oral ingestion
of 50 ml of iodinated contrast agent (Gastrografin, Bracco Diagnostics, USA) on the day
before and two hours prior to the CT examination. The CTC data were acquired by use of a
dual-energy CT scanner (SOMATOM Definition Flash, Siemens Healthcare, Germany) in
supine and prone positions at 15 mAs for the 140 kVp scan and at 40 mAs for the 80 kVp
scan. The DE-CTC images were reconstructed by use of a sinogram-affirmed image
reconstruction algorithm® at a 0.6 mm reconstruction interval.
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3. METHODS

3.1 Pre-processing of the DE-CTC images

After the DE-CTC data acquisition, the dual-energy images are subjected to a dual-energy
pseudo-enhancement correction that minimizes pseudo-enhancement within the images
while preserving the dual-energy information.” Next, a single virtual monochromatic image
volume® 9 is calculated from the dual-energy data for the colon extraction and for shape-
based detection of lesions (Figure 2).

The virtual monochromatic image volume and material-specific images are used to
determine the abdominal regions of air, fatty tissue, soft tissue, fecal-tagged regions, and
their partial-volume interfaces, for guiding a lumen-tracking method that performs
automated extraction of the colonic lumen regions.10: 11

3.2 Context-specific detection

To perform context-specific detection, the extracted lumen regions are divided and placed
into two separate image volumes. VVolume V;, represents aerated lumen regions, whereas
volume V; represents lumen regions that are covered by fecal tagging. The volumes are
calculated by the mapping of the virtual monochromatic CT values, up, as

Va=min(u,,0HU) ()
and

Um

vs= max(min(—1000 x ﬁ,OHU), —1000HU), (2

where v, and v; are the CT values of V5 and V4, respectively.

In each volume, the lumen regions of interest (regions of air mapped to V5 and regions of
fecal tagging mapped to V;) contain CT values of air, whereas other regions contain CT
values of soft tissue (Figure 3). Therefore, the computation of shape features in the volumes
is not distorted by three-material interfaces.10

To detect sites of lesion candidates, a thick volumetric target region encompassing the
perceived colon surface!? is calculated independently for both volumes. To exclude the
artificial partial-volume region that imitates soft-tissue density between the regions of air
and fecal tagging, a partial-volume artifact index (PVAX) feature is calculated as

PVAX=VI,VI;, 3

where |, and |; are the water and iodine images of the dual-energy material decomposition.
High values of the PVAX feature indicate artificial partial-volume interface regions that will
be excluded from the target region.
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The sites of lesion candidates are detected within the target regions by use of their virtual
monochromatic CT value and the volumetric shape index (SI) and curvedness (CV) features,

SI=—2arctan fzetrmin and CV= \/ (Kmax2+Kmin2)/2, Where kg and &y are the
principal curvatures of the implicit local iso-intensity surface.13 The regions of detected sites
are established by hysteresis thresholding of the feature values. To optimize the detection
performance, the smallest detectable sites in V5 and V; can be adjusted by use of the
volumetric size parameter thresholds, T, and T, respectively. The remaining detected sites
are then merged into a single detection volume by mapping from V5 and V; into a single
detection volume. The detected sites are categorized into three classes, D, Dy, and Dy, that
indicate detections originating from air-filled lumen surfaces, those originating from regions
covered by fecal tagging, and those originating simultaneously from both types of regions,

respectively.

3.3 Classification of lesion candidates

The complete region of a lesion candidate is extracted at each detected site by use of a level-
set method.14 To reduce FP detections, several image-based shape, texture, and dual-energy
features are calculated from the virtual monochromatic images and material-decomposition
images of the extracted lesion candidates.> Based on the available feature values, a random-
forest ensemble classifier is used to classify the lesion candidates into true-positive (TP) and
FP detections.1® The FP reduction can be optimized by performing the classification
independently on the lesion candidates of D, Dy, and Dy,

3.4 Evaluation

The locations of clinically significant polyps (=6 mm in largest diameter) that were
confirmed by colonoscopy were correlated with the CTC images by a radiologist. A polyp
was considered detected correctly by CADe, if the distance between the mass center of a
lesion candidate and a true lesion was within the measured radius of the true lesion at either
or both supine and prone CTC images of a patient.

To optimize the context-specific detection, we determined the smallest volumetric size of
detected sites in V5 and V; that need to be kept in order to detect all lesions in the CTC data
at the image scales of 3 mm, 4 mm, 5 mm, and 6 mm.

For pilot evaluation of the detection performance of the DE-CADe scheme, a leave-one-
patient evaluation was performed using the DE-CTC data of the 66 patients. At each leave-
one-out iteration, the classification parameters were re-established and the random-forest
classifier was re-trained before the testing of the classifier at that iteration. At each iteration,
the classification parameters were re-established using the training set by use of a 10-fold
leave-group-out cross-validation method that was repeated 3 times, and the parameters that
yielded the highest average area under the receiver operating characteristic (ROC) curve
were used.
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4. RESULTS

There were 15 lesions =10 mm in size and 7 lesions 6 — 9 mm in size in 21 patients. For the
66 patients, the average CT dose index per CT scan was 0.95 mGy and the effective dose
was 0.75 mSv.

Figure 4a shows an analysis of the smallest detected site that needs to be kept in air-filled
lumen regions and in those covered by fecal tagging in order to detect all true lesions. The
blue line depicts air-filled lumen regions, and the red line depicts regions covered by fecal
tagging. The plot indicates that, to detect all true lesions, the smallest site can be larger in
lumen regions covered by fecal tagging than in aerated regions. The precise threshold value
depends on the image scale at which the detection is performed.12 The number of all
detected sites was smallest at the image scale of 4 mm.

Figure 4b shows the per-lesion detection result for all lesions (dotted line) and for biopsy-
confirmed advanced lesions (17 adenomas, serrated lesions, and carcinomas) in terms of
free-response ROC curves. The CADe scheme detected 96% of all lesions at a median of 6
FP detections per patient. For advanced lesions (solid line), the detection sensitivity was
100% for lesions =10 mm at a median of 2 FP detections per patient and 100% for lesions 6
— 9 mm in size at a median of 6 FP detections per patient.

5. DISCUSSION

The preliminary results of this study indicate that the use of context-specific detection
method can yield high detection accuracy for clinically significant colorectal lesions in non-
cathartic low-dose DE-CTC. We divided the lumen regions into those filled with air and
those covered by fecal tagging to optimize the detection parameters and to track the origin of
the lesion candidates for further analysis. Previous approaches that attempted to divide polyp
detections into meaningful categories for dedicated analysis have included the identification
of polyps located on folds and those not on folds for polyp detection,® and morphological
decomposition of the colon for improving the polyp size measurement.1”

The materials of this study were DE-CTC study cases. Unclearly tagged solid stool has been
identified as a significant source of false-negative studies in laxative-free CTC,3 and the
interaction of fecal tagging with air and soft tissue is known to introduce three-material
partial-volume artifacts that imitate colorectal lesions, thereby reducing the detection
accuracy of conventional CADe.18 Because at two different energies the CT values of
materials with high effective atomic numbers, such as those of iodine and barium that are
typically used as fecal-tagging agents, deviate more from linear relationship than do
materials with a small atomic number,19 the use of DE-CTC can provide a potential solution
for effective detection of lesions in non-cathartic CTC. Previously, we showed that the use
of dual-energy image features improves the detection accuracy of CADe significantly for
flat lesions and for small polyps over conventional single-energy CTC.12. 20, 21

In recent years, there have been concerns about the potential risks of medical radiation by
CT examinations.2? The iterative image reconstruction algorithm that we used in this study
facilitated the use of low effective CT dose without compromising diagnostic image quality.
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This pilot study had several limitations. The number of polyps was relatively low, and a
majority of the polyps were 210 mm in size. A larger number and larger variety of samples
is needed to explore the full potential of the context-specific method. The detection
performance of the method should also be compared with those of conventional detection
methods.

6. CONCLUSIONS

We developed a context-specific method that can be used to optimize CADe parameters for
polyp detection in CTC. The method was integrated into our DE-CADe scheme. Pilot
evaluation of the detection performance of the resulting DE-CADe scheme with 66 clinical
non-cathartic low-dose DE-CTC cases indicated high detection accuracy.
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Prone (EC)

Supine

Figure 1.
The presence of fecal tagging can affect the visual appearance of adjacent tissue. (a) The

CTC image of a 17-mm polyp has a substantially higher average internal radiodensity in
supine position where it is surrounded by lumen air, than in prone position where the polyp
is covered by fecal tagging. (b) In air-filled lumen regions, colon surface can be visualized
in high detail, whereas the colon surface covered by fecal tagging can be distorted by
artifacts that complicate confident detection of lesions.
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Dual-energy Material Virtual monochromatic
acquisition decomposition image

Figure2.
The acquired dual-energy images are decomposed into water and iodine images that are used

to synthesize a virtual monochromatic image at a desired energy level.
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Shape Index

Figure 3.
In context-specific detection, the CTC image volume is divided into a separate air-filled

lumen image volume (V) and a lumen image volume that represents regions covered by
fecal tagging (V;). The initial detection of suspicious sites is performed independently on
both volumes. High values of the Sl feature of V; (green color) indicate the location of a

polyp.
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Figure 4.
(a) An analysis of the smallest detected site in air-filled lumen regions and in those covered

by fecal tagging that need to be considered to detect all true lesions. (b) Free-response ROC
curves of the detection accuracy of the CADe scheme for all lesions and for advanced
lesions.
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