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Colonic Polyps:
Complementary Role of
Computer-aided Detection in
CT Colonography"

PURPOSE: To apply a computer-aided detection (CAD) algorithm to supine and
prone multisection helical computed tomographic (CT) colonographic images to
confirm if there is any added benefit provided by CAD over that of standard clinical
interpretation.

MATERIALS AND METHODS: CT colonography (with patients in both supine and
prone positions) was performed with a multisection helical CT scanner in 40
asymptomatic high-risk patients. There were two consecutive series of patients, 20
of whom had at least one polyp 1.0 cm in size or larger and 20 of whom had normal
colons at conventional colonoscopy performed the same day. The CT colonographic
images were interpreted with an automated CAD algorithm and by two radiologists
who were blinded to colonoscopy findings.

RESULTS: For 25 polyps at least 1.0 cm in size (“large” polyps), sensitivity for
detection by at least one radiologist was 48% (12 of 25). The sensitivity of CAD for
detecting large polyps was also 48% (12 of 25), but the CAD algorithm detected
four of 13 large polyps that were not detected by either radiologist (31%, 95%
two-sided Cl: 9, 61), increasing the potential sensitivity to 64% (16 of 25). For
polyps identifiable retrospectively, sensitivity of CAD was 67% (12 of 18), and
sensitivity of the combination of detection with the CAD algorithm or by at least one
radiologist was 89% (16 of 18). There were an average of 11 false-positive detec-
tions per patient for CAD.

CONCLUSION: In this series of patients in whom radiologists had difficulties de-
tecting polyps (compared with sensitivities of 75%-90% reported in the literature),
this CAD algorithm played a complementary role to conventional interpretation of
CT colonographic images by detecting a number of large polyps missed by trained
observers.

© RSNA, 2002

Ongoing research at a number of academic centers supports the notion that computed
tomographic (CT) colonography is a sensitive and specific method for detecting colonic
polyps and cancers (1-4). Although the results are promising, concerns exist as to whether
CT colonography will be equally effective when placed into general use. Two areas of
concern are interobserver variability and excessive image interpretation time. For example,
to compensate for interobserver variability, researchers in the larger clinical trials have
reported results from consensus readings to boost sensitivity (1,3). In routine clinical
practice, however, it is likely that consensus reading will be the exception rather than the
rule. In addition, interpretation times of 10-60 minutes have been reported. Computer-
aided detection (CAD) is a potential solution to these concerns (5-7). The purpose of this
study was to apply our CAD algorithm to images obtained by means of CT colonography
performed with a multisection helical CT scanner, with patients in both supine and prone
positions, to determine if there is any added benefit provided by CAD over that provided
by standard clinical interpretation.
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MATERIALS AND METHODS

Patient Population

The study cohort (19 men, 21 women;
mean age, 63 years; age range, 51-75
years) consisted of two groups of asymp-
tomatic patients at high risk for colorec-
tal cancer. The first group consisted of a
consecutive series of 20 patients who had
at least one polyp 1.0 cm or larger at
conventional colonoscopy performed
the same day that CT colonography was
performed. The second group consisted
of a consecutive series of 20 patients who
had normal results at colonoscopy per-
formed the same day that CT colonogra-
phy was performed. Both groups were
selected from a larger group of asymp-
tomatic high-risk patients who under-
went 719 CT colonographic examina-
tions. During the period of data collection
required to achieve consecutiveness for
this study, 410 CT colonographic exam-
inations had to be performed before the
20 patients who had polyps 1.0 cm or
larger were identified. High risk indicates
that a patient had a family or personal
history of colorectal cancer; high-risk pa-
tients therefore includes patients in a sur-
veillance population.

Patients were excluded if they had me-
lena or hematochezia (ie, symptoms of
colorectal cancer), inflammatory bowel
disease, a hereditary polyposis syndrome,
or a large amount of retained stool or
residual colonic fluid. All patients under-
went complete colonoscopy to the ce-
cum. This study was approved by the in-
stitutional review board, and informed
consent was obtained from the patients.

Six patients (four of whom had polyps)
had previously undergone partial colonic
resection for colon cancer. Ten patients
(four of whom had polyps) had divertic-
ulosis.

CT Scanning

Each patient ingested 1 gallon of a
standard oral colonoscopy preparation
(polyethylene glycol electrolyte solution,
Colyte; Reed and Carnrick, Jersey City,
NJ) and two 5-mg tablets of bisacodyl
(Dulcolax; CIBA Consumer, Edison, NJ).
The colon was insufflated with CO, to
the limit of patient tolerance. All patients
received 1 mg of glucagon (Eli Lilly, In-
dianapolis, Ind), which was administered
subcutaneously 10 minutes prior to the
examination.

CT scanning was performed with a
Lightspeed QX/i (72 scans) or Lightspeed
Plus (six scans) multisection helical CT
scanner (GE Medical Systems, Milwau-
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kee, Wis) in all patients except one (two
scans), who was imaged with a single-
section helical CT scanner (HiSpeed Ad-
vantage; GE Medical Systems) because
the multisection scanner was unavail-
able. This patient’s data were kept in the
study data set to maintain consecutive-
ness.

CT scanning parameters used were 120
kVp, 50 mAs (mean), field of view to fit
(38-46 cm), 5-mm collimation, HQ
mode, and a 3-mm reconstruction inter-
val with a 2-mm overlap (8). The proto-
col required only one 20-second breath
hold for all sequences except one, which
was performed with overlapping sections
and multiple breath holds. Patients were
imaged in both prone and supine posi-
tions. Scanning with the patient in the
supine position was performed first, fol-
lowed by scanning with the patient in
the prone position. The size of the typical
CT colonographic data set (supine or
prone) was approximately 80 megabytes
(160 images each). Therefore, there were
a total of approximately 320 images per
patient.

Colonoscopy

Conventional colonoscopy was per-
formed after CT colonography on the
same day. Colonoscopies were performed
by experienced colonoscopists with more
than 3 years of training. The colonosco-
pists were not aware of the CT colonog-
raphy results. The size and location of
any polyps were identified in the
colonoscopy report. Polyp sizes were de-
termined by the colonoscopist at the
time of the examination; a probe or for-
ceps was used for reference. The pull-back
of the colonoscope was videotaped for
later review. The sizes of 11 polyps were
given qualitatively (eg, “diminutive” or
“large”) in the colonoscopy reports. The
quantitative sizes of these polyps were
determined, on the basis of our best esti-
mates, from review of the pathology re-
port or videotape. For purposes of brev-
ity, polyps 1.0 cm or larger and polyps
smaller than 1.0 cm are hereinafter re-
ferred to as large and small polyps, respec-
tively.

Human Observers

The CT colonographic images ob-
tained with the patients in the supine
position were interpreted independently
on the day of the examination by two of
three radiologists (C.D.J., RLM., TJ.W.,
randomly assigned) who were blinded to
the results of conventional colonoscopy.

The observers recorded the presence and
location of lesions they suspected to be
polyps. All three radiologists were board
certified and had at least 10 years of expe-
rience. They each had interpreted images
from a minimum of 50 CT colonographic
examinations before they interpreted the
images in the present study. In this study
two radiologists evaluated the images be-
cause an evaluation of interobserver vari-
ability was contemplated and so that we
could assess whether double reading was
necessary.

In contrast to our previous study (6), in
which there was a strong bias that pa-
tients had polyps, in this study the radi-
ologists knew that the patients were
asymptomatic (ie, were a screening pop-
ulation) and probably had a lower prev-
alence of disease. The CT colonography
examinations were chosen from among
those performed in a cohort of patients
in whom imaging had predominantly
yielded normal results. Approximately
8% of this patient group was found to
have colorectal polyps 1.0 cm or larger.
Therefore, the radiologists had a strong
bias toward the idea that the patients had
normal colons.

The radiologists used research software
developed at the Mayo Clinic for image
display and interpretation (9). This soft-
ware has been used in multiple published
studies, including a recent large clinical
trial (2). Preliminary evidence suggests
that the performance of this software is
comparable to that of commercial soft-
ware (10). The primary mode of interpre-
tation was analysis of two-dimensional
transverse CT colonographic images, sup-
plemented when needed with analysis of
three-dimensional perspective endolumi-
nal displays and reformatted two-dimen-
sional images. The average interpretation
time was approximately 15 minutes per
case.

Matching Polyps at CT
Colonography and Colonoscopy

An important step in determining the
sensitivity of polyp detection by the
computer algorithm was to locate pre-
cisely each polyp found at colonoscopy
on the CT colonographic images. To
make this assessment, two radiologists
(RM.S. and C.D.J.) evaluated transverse
source images, endoluminal three-di-
mensional images, and, when needed, re-
formatted coronal and sagittal images. If
more than one polyp was present in a
segment, we used reported sizes to deter-
mine which was which to the best of our
abilities. Once a match was made be-
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tween a polyp described in the colonos-
copy report and one visible in retrospect
on CT colonographic images, the coordi-
nates (ie, row, column, and section) of
the center of the polyp as it appeared on
the CT colonographic image were re-
corded in a computer database (Microsoft
Access 2000; Microsoft, Redmond, Wash).

If the radiologists (R.M.S. and C.D.].)
could not find the polyp on CT colono-
graphic images and match it to the
colonoscopy findings despite a diligent
search, the CAD software interpretation
was assigned a false-negative result. Such
false-negative results reduced the maxi-
mum sensitivity achievable with the
CAD algorithm even before the algo-
rithm was applied.

Computer-aided Polyp Detection
Algorithm

We transferred the CT colonographic
images to a personal computer (Dell Pre-
cision 620 Workstation; Dell, Austin,
Tex) and analyzed the images with our
computer-aided polyp detection software
package (5,6,11-14). In brief, the CAD
algorithm operates by identifying voxels
along the wall of the colon and measur-
ing the shape and CT numbers of the wall
to classify the wall locally into polypoid
and nonpolypoid (ie, normal) areas. The
software analyzed CT colonographic data
sets (supine or prone) at the rate of one
every 2 minutes (4 minutes total for each
set of supine and prone CT colono-
graphic images).

On the basis of results of our earlier
study (6), a window width (1,050 HU)
and level (—475 HU) for converting the
data from 12 to 8 bits, a region-growing
threshold for seeding the colonic lumen
(=475 HU), and a threshold for generat-
ing the isosurface (=800 HU) were cho-
sen. Region-growing and isosurface ex-
traction were performed to identify the
wall of the colon.

Polyp detection was performed with a
prototype automated polyp detector soft-
ware with criteria (“filter 7”) developed
in an earlier study (6). Filter 7 was chosen
on the basis of its high sensitivity and
relatively low number of false-positive re-
sults per colon. The specifications for fil-
ter 7 are as follows: elliptic curvature of
the peak subtype, a mean curvature range
of —4.0 to —0.5 cm ™!, 10 or more verti-
ces, a diameter greater than or equal to
0.5 cm, and sphericity less than or equal
to one. Curvature is a measure of shape,
elliptic curvature is a polypoid shape, ver-
tices and diameter are measures of size,
and sphericity is a measure of roundness.
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In a previous study, filter 7 had 79%
sensitivity for detection of polyps 1.0 cm
or larger in well-distended segments of
the colon (6). The patient population was
different in that study: Most patients
were known or highly suspected to have
a polyp 1.0 cm or larger on the basis of
results of barium enema examination or
flexible sigmoidoscopy; there was there-
fore a higher pretest probability of dis-
ease.

A polyp was considered to be “detect-
ed” by the computer algorithm when the
center of a computer-detected polyp was
within 1 cm of the center of a polyp as
recorded in the database, thereby match-
ing a polyp in the colonoscopy report.
Perspective volume-rendered endolumi-
nal views of the polyps were generated by
custom research software designed at our
institution (12,15).

Polyp Densitometry

A further reduction in the number of
false-positive results was achievable by
sampling the CT numbers of each voxel
within a possible polyp along a ray di-
rected through the polyp. The purpose of
this method was to identify voxels
within the possible polyp that had soft-
tissue attenuation. If any voxel along the
ray exceeded a threshold, the detection
was retained; conversely, if all voxels
along the ray were below the threshold,
the detection was discarded. Because of
volume averaging, a threshold lower
than 0 HU had to be selected; based on
results from an earlier study (6), use of a
threshold of —124 HU eliminated a num-
ber of false-positive results and no true-
positive results for the optimal filter (fil-
ter 6) in that study. This method was
applied only to detections of possible
polyps that measured less than 1.0 cm.
All detections of possible polyps 1.0 cm
or greater were considered to be of poten-
tial clinical importance and were re-
tained. Details about polyp densitometry
measurements can be found in reference 6.

Assessment of False-Positive
Detections

False-positive detections were assessed
to understand how many were due to the
presence of what could plausibly be con-
sidered polyps and how many could
readily be discarded and eliminated from
further evaluations. Because there were
hundreds of false-positive detections, a
subset was analyzed. Twenty false-posi-
tive detections of polyps measuring 1.0

cm or larger were randomly selected for
further analysis.

Characterization of Colonic
Distention and Colonic
Segmentation

To evaluate the influence of adequate
colonic distention on polyp detection,
each segment of each colon was given a
distention score (6). Scores were assigned
by a single radiologist observer (R.M.S.)
who inspected an anteroposterior exo-
scopic CT colonographic image of the
surface-rendered colon. The scoring scale
was as follows: O, collapsed; 1, partially
distended; and 2, well distended. A score
was given for each colonic segment on
the basis of the amount of distention that
predominated in that segment. Differen-
tiation between partially distended and
well-distended segments was based on
expected colonic diameters for each seg-
ment, according to the observer’s experi-
ence at performing air-contrast barium
enema examinations and expected distri-
butions of anatomic size (eg, the knowl-
edge that the cecum can distend more
than the sigmoid).

The colon was divided into eight seg-
ments. Polyps were located in segments
on the basis of the colonoscopy report,
and, as described above, each colonic seg-
ment was scored for distention. The seg-
ments scored were the rectum, the sig-
moid colon, the descending colon, the
splenic flexure, the transverse colon, the
hepatic flexure, the ascending colon, and
the cecum.

Statistical Analysis

P values less than or equal to .05 were
considered to represent significant differ-
ences. Unpaired f tests were used to com-
pare polyp size distributions and colonic
distention scores. The Fisher exact test
was used to compare sensitivity values
and polyp spatial distributions for un-
matched data. CIs for proportions were
computed from the binomial distribu-
tion.

Sensitivity for polyp detection was
computed as a function of polyp size and
pathologic type and on a per-polyp and
per-patient basis. Because more than one
blinded radiologist analyzed each set of
CT colonographic images, we computed
sensitivity for polyp detection in two
ways: by using (a) the number of true-
positive polyp detections that were made
by both radiologists and (b) the number
of true-positive detections made by only
one of the two radiologists.

Use of Automated Polyp Detector with CT Colonography - 393
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We report the average number of false-
positive detections per patient for CAD
rather than specificity. As is typical for
other types of CAD used in radiology (eg,
CAD for breast microcalcifications and
masses, CAD for lung nodules at helical
CT), CAD for colonic polyps usually re-
sults in one or more false-positive detec-
tions for each CT colonographic exami-
nation (ie, specificity approaches zero).

A free-response receiver operating char-
acteristic (FROC) analysis of CAD results
was performed by plotting the mean
number of lesion-localized true-positive
detections against the mean number of
false-positive detections per CT colono-
graphic image set (which includes both
supine and prone CT colonographic im-
ages of each patient) for various CAD di-
agnostic criteria (16). The criteria for an
irregularity to be considered a lesion were
as follows: mean curvature between —4.0
and —0.5 cm ™!, at least two vertices, and
a size of at least 0.2 cm. (These criteria
constituted “filter 8” in our previous
study [6].)

The following variables were linked
and varied in equal increments over the
following ranges to produce each point
on the FROC curve: sphericity (a measure
of roundness, where 0O is perfectly spher-
ical and 2 is a surface curved in one di-
rection and almost flat in the perpendic-
ular direction, approaching so-called
cylindrical curvature), 0.8-1.2; number
of vertices (a measure of area), 0-20; and
minimum size, 0-1.0 cm. These ranges
were chosen on the basis of histogram-
matic analysis of each parameter consid-
ered individually for the true- and false-
positive results. The midpoints of the
ranges were identical to the criteria for
filter 7 used in this study.

RESULTS

Twenty patients had 65 polyps, of which
25 were at least 1.0 cm (large polyps) and
40 were smaller than 1.0 cm (small pol-
yps). Results of pathologic examination
revealed that there were 49 adenomas,
two cancers, and 13 hyperplastic polyps.
No pathologic data were available for one
small polyp. This distribution was more
heavily weighted with adenomas than
would be expected on the basis of known
prevalences of polyps in these size
ranges. The majority (14 of 25, 56%) of
the large polyps were located in the trans-
verse colon, ascending colon, or cecum.
There was no significant difference be-
tween the sizes of the large polyps in this
study (mean * SD, 1.8 cm * 0.7) and the
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and Radiologists and CAD

Summary of Sensitivity Values for Polyp Detection by Radiologists, CAD,

Colonoscopy*

Retrospective Review of CT
Colonographic Dataf

Large Small Large Small
Detecting (=1.0-cm)  (<1.0-cm) All (=1.0-cm)  (<1.0-cm) All
Agent Polyps Polyps Polyps Polyps Polyps Polyps
Radiologists* 48 (12/25) 22 (9/40) 32(21/65) 67 (12/18) 75(9/12) 70 (21/30)
CADS 48 (12/25) 15 (6/40) 28 (18/65) 67 (12/18) 50 (6/12) 60 (18/30)
Radiologists
and CADI 64 (16/25) 25(10/40) 40 (26/65) 89 (16/18) 83(10/12) 87 (26/30)

to calculate the percentages.

colonoscopy.

Note.—Data are sensitivity values expressed as percentages. Data in parentheses are numbers used
* Denominators used to calculate sensitivity values were total numbers of polyps found with

T Denominators used to calculate sensitivity values were total numbers of polyps found at
retrospective review of CT colonographic data, which were evaluated in an unblinded fashion, after
the precise size and location of polyps had been determined at colonoscopy.

* For this group, a polyp was considered to be detected at CT colonography if either of two
radiologists, blinded to colonoscopy results, identified the polyp.

§ For this group, a polyp was considered to be detected at CT colonography if the computer
program found a polyp that was confirmed at colonoscopy.

I'For this group, a polyp was considered to be detected at CT colonography if either of the two
radiologists, blinded to colonoscopy results, or the computer identified the polyp.

sizes of the large polyps observed in our
earlier study (1.7 cm = 1.2) (P = .84).

Eighteen (72%) of 25 large polyps and
12 (30%) of 40 small polyps could be
identified in retrospect on the CT colono-
graphic images. Thus, these were the
maximum possible sensitivities for the
CAD algorithm. To avoid bias, we did not
use CAD to help locate the remaining
polyps. Observers had 70 opportunities
(ie, images from one supine examination
and one prone examination were avail-
able) to identify the 35 missed polyps.
Potential causes for the false-negative di-
agnoses include the fact that four polyps
were located in collapsed segments, 20
were buried in fluid or stool, one was
obscured by motion artifact, two were
obscured by streak artifact, eight coex-
isted with diverticular disease, and two
were obscured by a rectal balloon. No
cause could be identified for 33 false-neg-
ative diagnoses.

The mean colonic distention score was
1.6 = 0.7; 423 (66%) of 640 colonic seg-
ments were well distended, 130 (20%)
were partially distended, 73 (11%) were
collapsed, and 14 (2%) had been resected.
(Percentages do not add up to 100% due
to rounding.) There was no significant
difference between the distention scores
in the patients with polyps and the scores
in the patients without polyps (1.6 = 0.7
for both groups; P = .84, unpaired ¢ test).
The colons were clinically considered to
be well distended and were better dis-
tended than in our previous study (6);
this was thought to be due to the use of

the single-breath-hold technique, multi-
section CT scanner, and improved insuf-
flation technique that resulted from
greater clinical experience. (In this study,
nurses were encouraged to inflate the co-
lon more vigorously, and all patients in
the current study received glucagon,
whereas all but one patient in our previ-
ous study did not.)

On a per-colon basis, there was no
significant difference between insuf-
flated colonic volume as observed on
supine images (1,193 cm?® * 319) and
that observed on prone images (1,157
cm?® = 337) (difference, 36 cm® + 185;
P = .26, two-tailed paired t test). Par-
tially resected colons were excluded
from this analysis because their vol-
umes are smaller.

The CAD algorithm detected 12 of the
large polyps and six of the small polyps,
for sensitivities of 48% and 15%, respec-
tively, and an overall sensitivity of 28%
(Table). Of 18 polyps detected with CAD,
10 were detected on supine CT colono-
graphic images only; five, on prone CT
colonographic images only; and three,
on both supine and prone CT colono-
graphic images. Per-patient sensitivity
was 65% (13 of 20). Sensitivity for ade-
noma detection was 27% (13 of 49) for all
adenomas and 53% (10 of 19) for large
adenomas. Per-lesion sensitivity for de-
tecting polyps proximal to the splenic
flexure (50% [eight of 16]) was not signif-
icantly different from per-lesion sensitiv-
ity for detecting distal polyps (44% [four
of nine]).

Summers et al



Radiology

c.
Figure 1.

d.

Images of a flat, sessile, tubular 2-cm adenoma (arrows) with high-grade dysplasia that

was detected in the cecum of a 75-year-old man with our CAD algorithm but not by either
radiologist. (a) Image from conventional colonoscopy. (b) Perspective endoluminal CT colono-
graphic image. The raised portion of the mass is visible. (c, d) Transverse CT colonographic
images obtained with the patient in the supine position (¢) without and (d) with automated
detection marks. In d, an automated detection mark (small white line on edge of mass) identifies
one portion of the polyp. A substantial amount of retained solid stool can be observed.

At least one radiologist detected 12 of
the large polyps and nine of the small
polyps, for sensitivities of 48% and 23%,
respectively, and an overall sensitivity of
32% (Table). Only a minority of polyps
(six of the large polyps and three of the
small polyps) were detected by both radi-
ologists. On a per-patient basis, sensitiv-
ity was 60% (12 of 20). Per-lesion sensi-
tivity for adenomas was 31% (15 of 49)
for all adenomas and 53% (10 of 19) for
large adenomas. Per-lesion sensitivity for
polyps proximal to the splenic flexure
(50% [eight of 16]) was not significantly
different from per-lesion sensitivity for
distal polyps (44% [four of nine]).

The CAD algorithm detected four large
polyps and one small polyp that were not
detected by either radiologist and seven
large and four small polyps that were not
detected by both radiologists. Examples
are shown in Figures 1-3. The four large
polyps not detected by either radiologist
but found with CAD ranged in size from
2.0 to 3.5 cm, were all adenomas, and
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were scattered throughout the colon (in
the cecum, ascending colon, sigmoid co-
lon, and rectum). One was called a flat
lesion (ie, its height was less than or
equal to half the size of its base) by the
colonoscopist. The additional three large
polyps not detected by both radiologists
(ie, detected by only one of two radiolo-
gists) but found with CAD ranged in size
from 1.0 to 3.3 cm. Two were adenomas,
and one was a carcinoma; they were lo-
cated in the ascending colon, hepatic
flexure, and transverse colon, respec-
tively. Two of these were flat lesions. The
radiologists found four large polyps and
four small polyps that were missed with
the polyp detector.

For the combination of detection with
CAD and by at least one radiologist, 16
large polyps and 10 small polyps were
found, for a combined sensitivity of 64%
(16 of 25) and 25% (10 of 40) for large
and small polyps, respectively; overall
sensitivity was 40% (26 of 65) (Table).
The addition of CAD markedly improved

sensitivity for detecting the most clini-
cally important large polyps (a 16% in-
crease; sensitivities without CAD and
with CAD were 48% and 64%, respective-
ly). The fraction of polyps missed by ra-
diologists but detected with CAD was
four of 13 (31%; 95% two-sided CI: 9,
61). On a per-patient basis, sensitivity
was 75% (15 of 20). Sensitivity for ade-
noma detection was 39% (19 of 49) for all
adenomas and 74% (14 of 19) for large
adenomas. The fraction of patients with
polyps missed by radiologists but de-
tected with CAD was three of eight (38%;
95% two-sided CI: 9, 76). Of large polyps
identifiable in retrospect, 89% (16 of 18)
were detected with the addition of CAD
(Table).

There were an average of 15 false-pos-
itive detections per patient. These could
be reduced by 29% to an average of 11
per patient with the use of polyp densi-
tometry. No true-positive results were ex-
cluded when polyp densitometry was ap-
plied. A random sample of 20 false-
positive classifications of polyps 1.0 cm
or larger revealed that only 20% (four of
20) were of entities that could plausibly
have been considered polyps, and 80%
(16 of 20) were of entities that could eas-
ily be defined and discarded from the
classification (ie, six haustral folds, four
ileocecal valves, two rectal tubes, two rec-
tal folds, one mobile stool, and one case
of extrinsic compression by the uterus
were misclassified). Of the four false-pos-
itive lesions that could plausibly have
been considered polyps, one was on a
fold, one was at a confluence of folds,
one was related to a thick fold, and one
may have been due to an indentation in
the colon by the liver.

Results of FROC analysis (Fig 4) show
the trade-offs between sensitivity and
false-positive detections. To produce the
graph in Figure 4, polyp size and spheric-
ity thresholds were incrementally varied
between more-inclusive and less-inclu-
sive values. The figure shows how greater
sensitivity for detecting large polyps
(more-inclusive case) can be achieved at
the expense of a greater number of false-
positive detections. For example, 72%
sensitivity (the maximal achievable value
for this CT colonographic data set) can be
attained at the expense of 31 false-posi-
tive results per CT colonographic exami-
nation or an average of 62 false-positive
results per patient (when each patient
undergoes one CT colonographic exami-
nation in the prone position and one in
the supine position).
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DISCUSSION

In a previous work (6), we showed that
our CAD algorithm had a sensitivity of
71%, with an average of 3.5 false-positive
detections per patient for detecting pol-
yps 1.0 cm or larger. In that study, we
examined multiple-breath-hold single-
section helical CT colonographic data
obtained with overlapping sections. Only
results of CT colonography performed
with patients in the supine position were
examined to simplify the analysis. On
the basis of the results of that study, we
designed an experiment to validate the
earlier results and to improve upon them,
namely by using both the supine and
prone data obtained at single-breath-
hold multisection helical CT colonogra-
phy that did not require section overlap
and by examining a consecutive series of
patients to avoid selection bias.

In the present study, our computer al-
gorithm boosted sensitivity for polyp de-
tection at CT colonography by 16%
(from 48% to 64%) and increased the
number of true-positive detections of
polyps 1.0 cm or larger by 33% (from 12
to 16), compared with the sensitivity of
radiologists’ interpretations alone. Statis-
tical testing of observed detections re-
vealed that the increase in the number of
new polyps detected was significantly
different from zero. That is, the CI for the
proportion of polyps missed by both ra-
diologists but found with CAD (four of
13) did not include zero. This is the basis
for our claim that the 16% increase in
sensitivity is significant.

This is a dramatic improvement, which,
if confirmed in a larger clinical trial,
could have substantial benefit for pa-
tients. The size of such a trial can be
estimated from our results. To obtain an
increase in sensitivity of 16%, starting
from 48% with an « of 0.05 and a power
of 0.80, a sample size of 59 would be
required (as calculated with the one-
sided binomial statistic). This calculation
assumes the same prevalence of polyps in
the patient population as in the present
study (ie, it assumes an enriched popula-
tion).

In the present study, the CAD algo-
rithm detected four large (=1.0 cm) pol-
yps missed by both radiologists and
seven missed by one of two radiologists.
Missed polyps ranged in size from 1.0 to
3.5 cm. Three were observed to be flat
lesions at colonoscopy. Six of the missed
lesions were adenomas, and one was a
carcinoma. According to our present un-
derstanding of the adenoma-to-carci-
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C.

Figure 2.

d.
Images of a 3.5-cm villous adenoma, detected with our CAD algorithm but not by

either radiologist, in the rectum of a 54-year-old man. (Large white arrows indicate a soft-tissue
mass; small white arrows indicate an automated detection mark.) (a) Image from conventional
colonoscopy. (b) Perspective endoluminal CT colonographic image. (c, d) Transverse CT colono-
graphic images of two adjacent sections obtained with the patient in the supine position. In d,
the automated detection mark (small white line on edge of mass) appears small but is larger on
adjacent section (c) of the top of the polyp. The tip of the rectal tube (black arrows) and
false-positive locations (arrowheads in c) on rectal folds were also marked by the computer

algorithm.

noma sequence, adenomas are neo-
plasms with malignant potential (17).
These missed lesions were therefore
clearly clinically important ones that
needed to be found.

While in retrospect, missed polyps
such as those shown in the figures may
appear obvious, perceptual error may be
unavoidable when hundreds of images
are being interpreted. In fact, it has been
shown that approximately 17%-21% of
false-negative diagnoses are due to per-
ceptive error (2). Additional training may
help to improve sensitivity; nevertheless,
trained observers will miss lesions that
are visible in retrospect. CAD may help to
reduce such misses.

To place in perspective the importance
of locating four to seven of 28 large pol-
yps, consider the recent article on CAD of
breast cancer during screening mammog-
raphy (18). In that study, a commercially
available Food and Drug Administration—
approved CAD system helped radiolo-
gists identify an additional eight cancers

in a population of 12,860 patients. While
it is not known how many cancers were
actually present in that population, the
percentage improvement in the number
of lesions detected (19.5%) is comparable
to our results (a 33% increase in the num-
ber of true-positive detections), despite
the early stage of research on CAD in the
colon.

To place the number of false-positive
results observed in this study in perspec-
tive, in the study by Freer and Ulissey
(18), fewer than 3% of detections were
deemed “actionable”; the remaining 97%
were false-positive detections. Therefore,
it may be that a large number of false-
positive detections are tolerable if most
of them can easily be recognized and ig-
nored. For CT colonography with CAD,
the clinical effect of false-positive detec-
tions has yet to be assessed.

Our results showed that, rather than
usurping the diagnostic role of the radi-
ologist, CAD has a complementary role
in polyp detection. Both the radiologists
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C.
Figure 3.

d.

Images of a small (described as “diminutive” by the colonoscopist) tubular adenoma

(arrows) that was detected in the hepatic flexure of a 66-year-old man by our CAD algorithm but
not by one of two radiologists. (a) Image from conventional colonoscopy. (b) Perspective
endoluminal CT colonographic image obtained with the patient in the prone position. (c) Un-
marked and (d) marked transverse CT colonographic images obtained with the patient in the
prone position. A false-positive detection mark (arrowhead in d) is also seen.
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Figure 4. FROC curve for the computer-aided
polyp detection algorithm used in this study
shows results that correspond to a sensitivity
value of 48% (15 false-positive detections per
patient) (). The maximum achievable sensi-
tivity for the CAD algorithm was 72% because
28% of the large polyps revealed at colonos-
copy could not be located in retrospect on the
CT colonographic images. The FROC curve il-
lustrates the trade-off between sensitivity and
false-positive detections. TPF = true-positive
fraction per polyp. FP/patient = number of
false-positive detections per patient.
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and the CAD algorithm identified polyps
missed by the other. The combination of
the two yielded improved sensitivity for
polyp detection. The reason for the im-
provement with CAD is not yet known; it
may be because radiologists focus their
attention primarily on analysis of the
two-dimensional CT images while the
CAD algorithm analyzes the three-di-
mensional data and may identify more
complex abnormal shapes.

Ultimately, the combined sensitivity
of the radiologist and CAD will need to
be evaluated under conditions simulat-
ing the proposed clinical use of CAD—
that is, CAD results would be given to the
radiologist, who would determine them
to be valid or false, and a final diagnostic
decision would then be rendered. Such a
study will also be necessary to determine
the effect on specificity of the average of
11 false-positive detections per patient
observed in this study and to determine
how the use of CAD affects radiologists’
image interpretation time.

Our CAD software processes CT colono-
graphic examinations relatively quickly
(4 minutes per patient). Even without
any changes to our algorithm, improving
computer hardware speeds will directly
enhance performance. Thus, patient
throughput is unlikely to be an issue for
our CT colonography CAD software.

The current study was conducted with
improved techniques. The degree of co-
lonic distention achieved in this study
was better than that achieved in our pre-
vious study, with a marked shift from
partially distended to well-distended seg-
ments of colon (66% of segments were
well distended in the present study vs
46% in the previous study, and 20% of
segments were partially distended in the
present study vs 40% in the previous
study) (6). In addition, all but one CT
colonographic examination in the present
study was performed without section over-
lapping.

Despite these technical improvements,
sensitivity for detection of large polyps
was worse for the radiologists compared
with that observed in other large clinical
trials (1-3). The radiologists had a sensi-
tivity of 82% (23 of 28) in our previous
study (6) versus 48% (12 of 25) in the
current study (P = .02, Fisher exact test).
However, sensitivity was not signifi-
cantly lower for the automated polyp de-
tector. For example, the sensitivity of fil-
ter 7 was 68% (19 of 28) in our previous
study and 48% (12 of 25) in the present
study (P = .17, Fisher exact test).

There are a number of possible expla-
nations for these differences in perfor-
mance. The most likely explanation is
that because the interpreting radiologists
knew that the incidence of disease was
lower in the current cohort of patients,
they used more stringent criteria to
maintain higher specificity. There are
limited data in the literature regarding
comparisons of the sensitivity of CT
colonography between populations with
different prevalences of disease (ie,
asymptomatic versus symptomatic indi-
viduals). However, results of one large
recent study indicated that sensitivity
was not significantly different between
asymptomatic (screening) and symptom-
atic patient groups (3).

Other possible explanations for the de-
creased performance of radiologists ob-
served in this study are differences be-
tween the two studies in the distribution
of types, shapes, sizes, and locations of
polyps; the presence of more residual
stool during examinations in the current
study; and case-selection bias in the pre-
vious study (the current study was of a
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consecutive series of patients). We have
shown, however, that the sizes of the
large polyps in the present study were
not significantly different from those in
the first study. The use of a wetter bowel
preparation (ie, Colyte) instead of so-
dium phosphate (19) may also be a con-
tributing factor, since in about 28% (20
of 70) of the examinations in which pol-
yps were missed, the polyps may have
been missed due to the presence of ob-
scuring fluid or stool. However, the same
bowel preparation was used in our earlier
study. We also emphasize that every pa-
tient was imaged in both prone and su-
pine positions, and both sets of images
were interpreted by the radiologists and
with CAD. These are very effective means
of dealing with excessive fluid. It seems
that these polyps were simply more dif-
ficult for the radiologists to detect.

The right-sided distribution of polyps
could also have influenced detection. In
both this study and our previous study,
there was a trend toward a right-sided
distribution of polyps. Sixteen of 25 large
polyps in the current study and 18 of 28
large polyps in our previous study were
proximal to the splenic flexure (P = 1.0,
Fisher exact test). The right colon is larger
in diameter (and therefore has more mu-
cosal surface to be inspected), and the
lesions in this portion of the colon tend
to be flat. The confusion of polyps with
normal structures like the ileocecal valve
can also be problematic. Polypoid bul-
bous folds are normally present in the
right colon and can mimic polyps, mak-
ing detection of real polyps more diffi-
cult. Liquid stool with particulate debris
is commonly seen in the right colon be-
cause the small bowel keeps pumping
these contents through the ileocecal
valve. Despite these factors, we found no
significant differences in sensitivity for
polyp detection on the basis of location
(ie, proximal or distal colon) for either
the radiologists or the CAD system.

We used 5-mm collimation with 2-mm
overlap in this study to maintain consis-
tency with the CT colonographic param-
eters used in our previous research (6).
The multisection CT scanner permits
scanning of the entire colon in a single
breath hold with thinner collimation (ie,
3 mm or lower). We believe that the use
of thinner collimation may improve the
sensitivity of CAD and have initiated re-
search to validate this hypothesis. How-
ever, although it seems reasonable that
thinner collimation may improve sensi-
tivity, there is currently no evidence that
thinner sections result in improved de-
tection of lesions. The use of thinner sec-
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tions requires higher radiation doses if
noise levels are to be kept constant.
Therefore, solid evidence must be gar-
nered for the use of thinner sections be-
fore this is accepted as the standard.

Note also that we chose to use filter 7
instead of filter 6, which we described in
our previous report as “optimum” (6).
Filter 6 proved to be insufficiently sensi-
tive to improve on the results of the ra-
diologists.

Most of the polyps (13 of 18) were
found by the CAD system on supine CT
colonographic images. The remaining
five were detected only on prone images.
These results support the addition of CT
colonography with patients in the prone
position to the standard protocol, as rec-
ommended by other researchers (2,20).

In preliminary studies of CAD systems,
both Yoshida et al (21,22) and Paik et al
(23) achieved higher sensitivity for polyp
detection. Yoshida et al (21) reported
100% sensitivity for nine polyps—six be-
tween 0.5 and 1.0 cm and three larger
than 1.0 cm—with 2.5 false-positive de-
tections per patient with supine and
prone scanning. Paik et al (23) reported
100% sensitivity for nine polyps larger
than 0.85 cm, with 3.6 false-positive de-
tections per patient with supine scan-
ning. Compared with our study, in each
of these studies the number of polyps was
smaller, and the patient populations may
have been markedly different and/or
highly selected.

CAD is still in an early stage of devel-
opment but has great potential. There are
still many challenges ahead and areas
that need improvement (7). Choices of
features to extract and classifiers that
combine and limit features are just being
evaluated and developed. Measurements
of CT numbers and shape are likely to be
important factors in a working CAD sys-
tem for CT colonography.

Early investigations suggest that label-
ing stool with ingested contrast agents
may enable CT colonography of the co-
lon without the use of bowel prepara-
tions, yielding a more “patient-friendly”
examination (24). It is possible to elimi-
nate labeled stool and fluid with image-
processing techniques (25). The pro-
cessed images could then be assessed
with CAD algorithms designed for use
with colons that have been cleansed with
a bowel preparation.

Our database consists mainly of polyps
rather than cancers. A survey of seven
recent studies of CT colonography re-
veals that sensitivity for cancer detection
with this modality has uniformly been
100% (4). Although sensitivity of CT

colonography for cancer detection may
be lower in colons not cleansed with a
bowel preparation (for which no data are
yet available), given the excellent perfor-
mance of human observers for cancer de-
tection, it is likely that the need for CAD
is less for detection of such advanced le-
sions.

In summary, in a patient population
having a lower prevalence of disease, we
have shown how a computer-assisted
polyp detection algorithm can improve
the diagnostic sensitivity of CT colonog-
raphy when used in conjunction with
radiologists’ interpretations.
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