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Spiral CT Colonography:
Reader Agreement and
Diagnostic Performance with
Two- and Three-dimensional
Image-Display Techniques"

PURPOSE: To assess the diagnostic performance and reader agreement with two-
dimensional (2D) and three-dimensional (3D) display techniques for detecting
colorectal polyps with spiral computed tomographic (CT) colonography.

MATERIALS AND METHODS: A test set of 30 colonic segments was developed
from spiral CT colonographic studies (12 with polyps and 18 without). The 12
segments with polyps contained 22 lesions (11 polyps <10 mm, 11 polyps or
cancers =10 mm), with all findings verified with colonoscopy. Three specific 2D and
3D image-display techniques were tested. Three experienced abdominal radiolo-
gists independently analyzed each test case and were retested 6 weeks later.

RESULTS: The results of readings 1 and 2 were similar for all image-display tech-
niques among the readers. Pooled segment results were sensitivity of 89%-92% and
specificity of 72%-83%. Pooled polyp size results for sensitivity and positive pre-
dictive value were 77%-86% and 74%-86% (all polyps, n = 22), 91%-100% and
85%-100% (polyps or cancers >10 mm, n = 11), and 61%-73% and 61%-80%
(polyps 5-9 mm, n = 11), respectively. Overall intraobserver agreement was good
for the three display techniques (x, 0.60-1.00); however, interobserver agreement
for 2D multiplanar reformation was lower (x, 0.53-0.80).

CONCLUSION: Among experienced abdominal radiologists, similar diagnostic per-
formance in polyp detection was found among 2D multiplanar reformation and 3D
display techniques, although individual cases showed improved characterization
with 3D display techniques. Evaluation of reader agreement demonstrated good
intraobserver agreement, with variable interobserver agreement.

Spiral computed tomographic (CT) colonography is a rapidly evolving technology for the
detection of colorectal polyps and permits interactive viewing with two-dimensional (2D) and
three-dimensional (3D) image-display techniques (1-5). This imaging method is being widely
investigated as a potential noninvasive examination for the detection of colorectal polyps.
Recent advances in computer graphics have made possible a wide range of 3D display techniques,
including 3D endoscopic navigation with improved interactivity. Preliminary studies (6-16) in
which both 2D and 3D techniques were used have shown promising results; however, reader
agreement with different image-display techniques has not been well documented.

Our purpose was to perform a multiobserver study of spiral CT colonography to (a) com-
pare the diagnostic performance of various 2D and 3D image-display techniques for polyp
detection and (b) assess intra- and interobserver agreement at CT colonography.

MATERIALS AND METHODS
Spiral CT Acquisition

Spiral CT colonography was performed in 16 patients (eight men, eight women; mean
age, 61 years) who were suspected of having polyps at prior flexible sigmoidoscopy or
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a.

Figure 1.

b.

C.

Three image-display techniques tested in this reader study. (a) Transverse 2D multiplanar reformation, (b) transverse 3D multiplanar

reformation, and (c) endoscopic view of 3D perspective volume-rendered CT images illustrate a 9-mm polyp (arrow) in the rectum. Of note for 2D
and 3D multiplanar reformation displays, coronal and sagittal planes were also evaluated (not shown).

barium enema examination and were
scheduled for colonoscopy. This study
was approved by the institutional review
board. All subjects gave informed con-
sent. Patients underwent a standard 24-
hour bowel cleansing preparation (phos-
pho-soda, 24-hour Fleet 1 preparation,
Fleet Pharmaceuticals, Lynchburg, Va; or
polyethylene glycol electrolyte solution,
GoLytely, Braintree Laboratories, Brain-
tree, Mass) used for colonoscopy the day
before the CT and colonoscopic exami-
nations. Each patient underwent the CT
examination before the colonoscopic
examination. After air insufflation per rec-
tum, the patients were placed in the supine
and prone positions. An anteroposterior
CT topogram was acquired to confirm
adequate insufflation after each position,
and further air was instilled per rectum as
needed.

All scans were obtained with a spiral
CT scanner (Somatom Plus 4, Siemens
Medical Systems, Iselin, NJ; or HiSpeed
Advantage, GE Medical Systems, Milwau-
kee, Wis). Images of the abdomen and
pelvis were obtained by using 5-mm col-
limation, pitch of 1.6, and a reconstruc-
tion interval of 2 mm. In one patient, a
different technique was used: 3-mm col-
limation, pitch of 2.0, and reconstruction
interval of 1 mm; this patient was in-
cluded as showing an excellent example
of a focal polyp suspended on a fold. The
transverse source images were transferred
to a 3D workstation (Silicon Graphics 02;
Silicon Graphics, Mountain View, Calif)
with 1-gigabyte random accessible mem-
ory. Software analysis was performed
(Vitrea 1.1; Vital Images, Minneapolis,
Minn). For most of the data sets, further
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linear interpolation of the section data
was performed and resulted in nearly iso-
tropic sampling. The final in-plane pixel
dimensions were 0.5-0.8 mm?, and the
final through-plane pixel dimensions
were 0.6-2.0 mm. After the CT examina-
tion, the patients proceeded to colonos-
copy. The colonoscopic examinations
were performed by board-certified gastro-
enterologists in the gastroenterology di-
vision of the department of internal
medicine (Washington University School
of Medicine, St Louis, Mo), and each le-
sion found was carefully recorded.

An image library of 30 colonic seg-
ments from 16 patient studies was cre-
ated for this reader study, with all CT
findings strictly verified with colono-
scopic results (17). The mean length of
the segments was 18 cm, with a distribu-
tion of 13 rectosigmoid, five descending
colon, five transverse colon, and seven
ascending colon segments. For each co-
lonic segment, embedded arrows were
electronically placed on the images at the
beginning and end of each segment to
clearly demarcate the area for each reader
to evaluate.

A total of 18 negative and 12 positive
colonic segments were created; 17 were
obtained with the patient in the supine
position and three with the patient in the
prone position. Cases were selected to give
a range of clinically relevant polyp sizes
and morphologies. In the 12 positive seg-
ments, 22 lesions were present and
ranged from intermediate to large in di-
ameter. There were 11 intermediate le-
sions (range, 5-9 mm; mean, 8 mm),
with histologic findings of four hyper-
plastic lesions, five adenomatous lesions,

and two indeterminate lesions, both of
which were hyperplastic or adenomatous
polyps histologically without being spec-
ified definitively. There were 11 polyps or
cancers that were larger than 10 mm (range,
12-30 mm; mean, 19 mm), with histologic
findings of two hyperplastic lesions, six
adenomatous lesions, and three adeno-
carcinomas. All lesions were polypoid in
morphology except one cancer that was a
circumferential, advanced wall lesion.

Image Analysis

Three image-display techniques were
tested (Fig 1). First, 2D multiplanar refor-
mation permitted simultaneous interac-
tion of transverse, coronal, and sagittal
orientations at two fixed window level set-
tings—a high-contrast polyp window
width of 1,500 HU and level of —200 HU
and a soft-tissue window width of 400
HU and level of 30 HU. Second, in a 3D
multiplanar reformation we used a slab
10 mm thick in the transverse, coronal,
and sagittal planes, with monochromatic
display of the opacity assignment laid
into the 2D sections. Third, in the 3D per-
spective volume-rendered endoscopic view
we used a diverging lighting source to
discriminate near-field from far-field ob-
jects. A nonlinear opacity function, which
assigns a percentage of opacity across each
attenuation value of the frequency histo-
gram, and a mucosal color map assign-
ment were used, as previously reported (18).

Reader Protocol
Three senior, fellowship-trained abdom-

inal radiologists (J.A.B., J.P.H., D.M.B.)

McFarland et al



TABLE 1
Reader Protocol for Three Image-Display Techniques
Reader
Colon
Segments 1 2 3
1-10 2D MPR 2D MPR and 3D MPR 2D MPR and 3D PVR
11-20 2D MPR and 3D PVR 2D MPR 2D MPR and 3D MPR
21-30 2D MPR and 3D MPR 2D MPR and 3D PVR 2D MPR

Note.—MPR = multiplanar reformation image, PVR = perspective volume-rendered image.

with a mean of 14 years (range, 8-18
years) of faculty-level body CT experi-
ence participated in this study. Each
reader underwent training in spiral CT
colonography. The training protocol con-
sisted of a teaching file of five patient data
sets that had a range of different sizes and
shapes of polypoid lesions. The readers
used the teaching file to become familiar
with the use of the three image-display
techniques. Training involved testing and
retesting with these teaching files over
three to four sessions per reader. Train-
ees (J.A.B., J.P.H., D.M.B.) were observed
and coached by an experienced reader
(E.G.M.) until they demonstrated facility
with thorough systematic review pat-
terns for accurate polyp detection.

To make a feasible reading protocol
and to decrease the recall bias of reading
the same case multiple times, a reader
study design was tested (Table 1). All
three readers each read the images of the
30 colonic segments one time, with one
of the three protocols randomly and
uniquely assigned to each reader: (a) 2D
multiplanar reformation images alone
(n = 10); (b) 2D multiplanar reformation,
followed by 3D multiplanar reformation
images (n = 10); (¢) 2D multiplanar ref-
ormation, followed by 3D perspective
volume-rendered images (n = 10). For
each case, the reader went through the
designated segment with 2D multiplanar
reformation and evaluated each focal
finding with simultaneous interaction of
the three views in the polyp window and
soft-tissue window. The X, y, and z coor-
dinates of each focal finding were re-
corded, and the readers measured the
greatest long-axis dimension of the focal
finding. A five-point rated response was
used to evaluate the presence of a polyp
or cancer for each focal finding: 1, defi-
nitely not present; 2, probably not present;
3, possibly present; 4, probably present;
5, definitely present. Each of the trans-
verse, sagittal, or coronal views was then
also scrolled through in its entirety for
any additional intraluminal colorectal
findings. An overall rated response for
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the presence of polyp or cancer was also
assigned for the entire segment.

For the latter two protocols, the addi-
tional 3D multiplanar reformation and
3D perspective volume-rendered display
techniques were also evaluated directly
after the 2D multiplanar reformation,
first by rescoring the focal findings seen
in 2D multiplanar reformation with the
rated response. The entire segment was
then evaluated for any additional focal
findings. For 3D thick-slab multiplanar
reformation, this involved scrolling through
the three planes. For 3D perspective vol-
ume-rendered, the readers interactively
went through the 3D endoscopic view by
using the 3D endoscopic autonavigation,
with forward and backward viewing.

Six weeks after completion of reading
one, each reader reevaluated all 30 co-
lonic segments with the same display
technique for each case but with a new
randomly assigned order. The time re-
quired to evaluate each case was recorded
for each reader for both the first and sec-
ond reading sessions. After completion of
reading two, readers were interviewed re-
garding the amount of recall of the cases.

The image quality of the colonic seg-
ments was graded for each segment by
each reader using four-point subjective
grading scales. Parameters evaluated were
luminal distention (excellent, good, fair,
poor), fluid degradation (none, mild,
moderate, severe), tortuosity (none, min-
imal, moderate, marked), and overall de-
piction (excellent, good, fair, poor).

Statistical Analysis

Diagnostic performance—The individ-
ual and pooled results of CT compared
with colonoscopy were analyzed accord-
ing to both segment (n = 30) and polyp
(n = 22) across the three different image-
display techniques for reading one and
reading two. For analysis according to
segment, the sensitivity and specificity of
the three techniques, with 95% ClIs, were
calculated after binary collapse of the
five-point rated response data: 1-2 were

Spiral CT Colonography: Reader Agreement and Diagnostic Performance -

negative and 3-5 were positive. Results
were calculated for individual readers
and pooled for all three readers. For anal-
ysis according to polyp, sensitivity and
positive predictive value with 95% Cls
were calculated for all polyps, polyps or
cancers at least 10 mm in size, and polyps
less than 10 mm in size. Statistical signif-
icance at P < .05 was determined when
the mean value of a parameter was not
contained within the 95% CIs of another
parameter. In addition, receiver oper-
ating characteristic analyses were per-
formed on the five-point rated response
data, and the areas under the curves plus
or minus the SEM were calculated.

Reader agreement.—Intraobserver agree-
ment for the three image-display tech-
niques was determined with both the «
statistic and the Spearman rank order
correlation. The « statistic was used to
evaluate agreement of the categorical di-
visions of negative (rated responses of
1-2) and positive (rated responses of 3-5)
responses, with the k scores ranging from
—1 (perfect disagreement) to +1 (perfect
agreement). Spearman rank order corre-
lation was used to evaluate agreement of
the actual five-point rated response data
with the calculated values of the Spear-
man rho coefficient, which ranged from
—1 (perfect disagreement) to +1 (perfect
agreement). Diagnostic performance was
analyzed according to colonic segment
for individual and pooled results. Inter-
observer agreement for the 2D multipla-
nar reformation was also determined
with these two statistical tests.

Timed reader sessions.—For each image-
display technique, pooled reading times
were determined. The relationship be-
tween reading times for each image-dis-
play technique and image quality scores
was examined with analysis of variance.
The image quality score was the categor-
ical independent variable, and reading
time was the continuous dependent vari-
able.

RESULTS

Diagnostic Performance among the
Three Image-Display Techniques

Colonic segment.—Table 2 shows the di-
agnostic performance according to co-
lonic segment (n = 30; 12 positive and 18
negative segments) for the individual
and pooled results across the three im-
age-display techniques. Overall, there were
no statistically significant differences
among readers or image-display tech-
niques. There was a slight improvement
in specificity at reading two, which was
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TABLE 2
Diagnostic Performance in Each Segment

Reading 1 Reading 2
Readers TP FN TN FP Sensitivity* Specificity* TP FN TN FP Sensitivity* Specificity*
Individual
2D MPR
1 12 0 13 5 100 (70, 100) 72 (46, 89) 11 1 13 5 92 (60, 100) 72 (46, 89)
2 10 2 16 2 83 (51, 97) 89 (64, 98) 10 2 15 3 83 (51,97) 83 (58, 96)
3 11 1 13 5 92 (60, 100) 72 (46, 89) 11 1 15 3 92 (60, 100) 83 (58, 96)
3D MPR
1 5 0 5 0 100 (46, 100) 100 (46, 100) 5 0 5 0 100 (46, 100) 100 (46, 100)
2 2 1 5 2 67 (13, 98) 71 (30, 95) 2 1 5 2 67 (13,98) 71 (30, 95)
3 4 0 4 2 100 (40, 100) 67 (24, 94) 4 0 5 1 100 (40, 100) 83 (36, 99)
3D PVR
1 4 0 5 1 100 (40, 100) 83 (36, 94) 4 0 5 1 100 (40, 100) 83 (36, 94)
2 5 0 3 2 100 (46, 100) 60 (17, 93) 5 0 5 0 100 (46, 100) 100 (46, 100)
3 2 1 5 2 67 (13, 98) 71 (30, 95) 2 1 5 2 67 (13,98) 71 (30, 95)
Pooled
2D MPR 33 3 42 12 92 (76, 98) 78 (64, 88) 32 4 43 11 89 (73, 96) 80 (66, 89)
3D MPR 11 1 14 4 92 (60, 100) 78 (52, 93) 11 1 15 3 92 (60, 100) 83 (52, 93)
3D PVR 11 1 13 5 92 (60, 100) 72 (46, 89) 11 1 15 3 92 (60, 100) 83 (52, 93)

true-positive.

Note.—Data are the number of segments (n = 30). A total of 30 colonic segments were evaluated; 12 contained polyps and 18 did not. For 2D MPR,
each reader evaluated all 30 segments (90 pooled segments). For 3D displays, each reader evaluated 10 different segments (30 pooled segments). FN =
false-negative, FP = false-positive, MPR = multiplanar reformation image, PVR = perspective volume-rendered image, TN = true-negative, TP =

* Data are percentages. Data in parentheses are the 95% Cl.

not statistically significant, and no change
in sensitivity. Although there were slight
improvements in reader performance
during reading two compared with dur-
ing reading one, no statistically signifi-
cant differences were present. Sensitivi-
ties among the individual readers for 2D
multiplanar reformation were 83%-100%.
Pooled sensitivities among all three im-
age-display techniques were 89%-92%.
Specificities among the individual read-
ers for 2D multiplanar reformation were
72%—-89%. Pooled specificities among all
three image-display techniques were 72%—
83%. The receiver operating characteris-
tic analyses demonstrated that the area
under the curve plus or minus the SEM
for 2D multiplanar reformation ranged
from 0.91 = .06 to 0.98 * .02 across the
three readers. Pooled areas under the
curve were highest for 3D perspective
volume-rendered technique (0.96 =
0.04); however, no statistically signifi-
cant differences were present.
Polyp.—Table 3 shows the diagnostic
performance according to lesion (n = 22;
11 less than and 11 greater than 10 mm)
for the individual and pooled results
across the three image-display tech-
niques. Similar to the colonic segment
results, there were no statistically signifi-
cant differences among readers or among
image-display techniques for reading one
and reading two results. Pooled sensitiv-
ity and positive predictive values were
77%—-86% and 74%-86% for all polyps
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a.
Figure 2.

.

b.

(a) Transverse and (b) coronal 2D multiplanar reformation CT images show a 7-mm

polyp (arrow) in the descending colon. The polyp was correctly diagnosed as such by all three
readers with the 2D multiplanar reformation images alone.

(n = 22), 91%-100% and 85%-100% for
polyps or cancers 10 mm or larger (n =
11), and 61%-73% and 61%-80% for
5-9-mm polyps (n = 11), respectively.
Figures 2-5 illustrate representative cases
of varying reader performance.

There were 15 false-negative findings
among the three readers at the initial 2D
multiplanar reformation evaluation for
reading one, which encompassed eight
lesions—three lesions missed by all three
readers, one lesion missed by two readers,
and four lesions missed by one reader.

For these eight false-negative findings,
the mean size was 10 mm-—six polyps
were less than 10 mm and two were
greater than 10 mm (range, 8-18 mm);
seven polyps were present in the sigmoid
colon and one in the ascending colon
near the hepatic flexure.

For reading two, there were 11 false-
negative findings among the three read-
ers at the initial 2D multiplanar reforma-
tion evaluation, which encompassed five
lesions, with no new lesions missed com-
pared with findings at reading one. The

McFarland et al



TABLE 3
Diagnostic Performance in Each Polyp
Reading 1 Reading 2
Positive Positive
Predictive Predictive
Readers TP FN FP Sensitivity* Value* TP FN FP Sensitivity* Value*
Individual
2D MPR
1 19 3 7 86 (64, 96) 73 (52, 88) 19 3 5 86 (64, 96) 79 (57,92)
2 16 6 4 73 (50, 88) 80 (56, 93) 17 5 4 77 (54, 91) 81 (57, 94)
3 16 6 7 73 (50, 88) 70 (47, 86) 19 3 5 86 (64, 96) 79 (57,92)
3D MPR
1 7 0 0 100 (56, 100) 100 (56, 100) 7 0 0 100 (56, 100) 100 (60, 100)
2 5 4 2 56 (23, 85) 71 (30, 95) 5 4 2 56 (23, 85) 71 (30, 95)
3 6 0 1 100 (52, 100) 86 (42, 99) 6 0 2 100 (52, 100) 75 (36, 96)
3D PVR
1 6 0 1 100 (52, 100) 86 (42, 99) 6 0 2 100 (46, 100) 75 (36, 96)
2 6 1 2 86 (42, 99) 75 (36, 96) 7 0 1 100 (56, 100) 88 (47,99)
3 5 4 3 71 (30, 95) 62 (26, 90) 6 3 2 67 (31, 91) 75 (36, 96)
Pooled
All polyps
2D MPR 51 15 18 77 (65, 86) 74 (62, 83) 55 11 14 83 (72,91) 80 (68, 88)
3D MPR 18 4 3 82 (59, 94) 86 (63, 96) 18 4 82 (59, 94) 82 (59, 94)
3D PVR 17 5 6 77 (54, 91) 74 (51, 89) 19 3 5 86 (64, 96) 79 (57, 92)
Polyps 10 mm or larger
2D MPR 31 2 5 94 (78, 99) 86 (70, 95) 31 2 3 94 (78, 99) 91 (75, 98)
3D MPR 11 0 1 100 (68, 100) 92 (60, 100) 11 0 0 100 (68, 100) 100 (68, 100)
3D PVR 10 1 1 91 (57, 100) 91 (57, 100) 11 0 2 100 (68, 100) 85 (54, 97)
Polyps smaller than 10 mm
2D MPR 20 13 13 61 (42,77) 61 (42,77) 23 10 10 70 (51, 84) 70 (51, 84)
3D MPR 7 4 2 64 (32, 88) 78 (40, 96) 7 4 4 64 (32, 88) 64 (32, 88)
3D PVR 8 3 5 73 (39, 93) 62 (32, 85) 8 3 2 73 (39, 93) 80 (44, 96)
Note.—Data are the number of polyps (n = 22). A total of 22 colorectal lesions were evaluated; 11 were 10 mm or larger, and 11 were smaller than
10 mm. For 2D MPR, each reader evaluated all polyps (22 polyps, 66 pooled polyps). For 3D displays, each reader evaluated 10 different cases (22
pooled polyps). FN = false-negative, FP = false-positive, MPR = multiplanar reformation image, PVR = perspective volume-rendered image, TP =
true-positive.
* Data are percentages. Data in parentheses are the 95% CI.

a.

.

b.

.

Figure 3. CT images depict an 8-mm polyp in the ascending colon near the hepatic flexure, which was detected only with the 3D perspective
volume-rendered technique. (a) Coronal 2D multiplanar reformation image obtained in a region of multiple nodular folds, with field of view shown
for the 3D technique, demonstrates that no lesion could be discriminated. (b) Endoscopic view of 3D perspective volume-rendered image depicts

the polyp (arrow). (c¢) Corresponding colonoscopic image depicts the polyp (arrow).

additional 3D images, obtained in 10 of
15 false-negative cases at reading one and
eight of 11 false-negative cases at reading
two, made a difference in two of these
false-negative cases. In one case, an
8-mm polyp in the ascending colon was
missed with 2D multiplanar reformation

Vol 218 - Number 2

by all readers. However, the one reader
who further evaluated the case with 3D
perspective volume-rendered images de-
tected it only during reading two but
gave it a low response score of 2 (false-
negative finding) (Fig 3). The second case
was a 12-mm polyp in the sigmoid colon,

which was given a low score with 2D
multiplanar reformation (false-negative
finding) but was correctly classified as a
true-positive polyp with 3D perspective
volume-rendered images by the same
reader for both reading one and reading
two (Fig 4). No polyps were inappropri-

Spiral CT Colonography: Reader Agreement and Diagnostic Performance : 379



ately downgraded from a true-positive
finding with 2D multiplanar reformation
to a false-negative finding with the 3D
views by any reader for reading one or
reading two.

There were 18 false-positive cases with
the 2D multiplanar reformation evalua-
tions among the three readers for reading
one, which encompassed 14 findings—
one in all three readers, two in two read-
ers, and 11 in one reader. Of these 14
false-positive findings, the mean size es-
timated by the readers was 7 mm (range,
3-13 mm), with five false-positive find-
ings 10 mm or greater. These false-posi-
tive findings were present in the rectum
(n = 1) (Fig 5), sigmoid (n = 3), ascending
colon (n = 6), transverse colon (n = 3),
and descending colon (n = 1).

For reading two, there were 14 false-
positive findings among the three read-
ers, which included nine findings, with
two new false-positive findings compared
with findings at reading one. The addi-
tional 3D images, obtained in 10 of 18
false-positive cases at reading one and 11
of 14 false-positive cases at reading two,
were used to correctly reclassify lesions as
true-negative findings in four cases (one
at reading one and three at reading two).
These reclassified true-negative cases in-
cluded a 12-mm polyp in the rectosig-
moid, a 7-mm polyp in the sigmoid, a
5-mm polyp in the descending colon,
and a 7-mm polyp in the transverse co-
lon, with three of these cases evaluated
by the same reader. No polyps were inap-
propriately upgraded from a true-nega-
tive finding with 2D multiplanar refor-
mation to a false-positive finding with
the 3D views by any reader at reading
one.

At reading two, two readers each incor-
rectly reclassified a lesion to a false-posi-
tive finding on the basis of the additional
3D views. One false-positive finding was
an 8-mm lesion in the sigmoid colon
where thickened folds were present. The
other false-positive finding was a 5-mm
rectal lesion and was found only with the
3D perspective volume-rendered view.

Reader Agreement

Intraobserver agreement.—Table 4 shows
the intraobserver agreement for the three
display techniques for each reader, as an-
alyzed according to colonic segment for
both reading one and reading two. No
statistically significant differences were
seen among readers or image-display
techniques. Individual k results, based on
categorical divisions of positive or nega-
tive segments, were 0.73-0.93 for 2D
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C. d.

Figure 4. CT images obtained with the patient prone depict a 12-mm polyp in the proximal
sigmoid next to a nodular fold and illustrate improved characterization of findings with 3D
perspective volume-rendered compared with 2D multiplanar reformation images. (a) Transverse
2D multiplanar reformation image of polyp (arrow) with flat morphology along the colon wall.
(b) Coronal 2D multiplanar reformation image shows similar appearance of the polyp (arrow)
and fold (arrowhead). (c) Endoscopic view of 3D perspective volume-rendered image of the polyp
(arrow) clearly depicts focal polypoid morphology. (d) Endoscopic view of 3D perspective vol-
ume-rendered image shows the adjacent fold (arrowheads) stretching across the colon wall.

B .
‘ .
y
a. b.

Figure 5. (a) Transverse 2D multiplanar reformation CT image and (b) endoscopic view of 3D
perspective volume-rendered CT image depict a 5-mm rectal hemorrhoid (arrow) that was a
false-positive finding by all readers.

McFarland et al



TABLE 4
Intraobserver Agreement for Three
Image-Display Techniques

TABLE 5

Interobserver Agreement among
Readers at 2D Multiplanar
Reformation

Note.—For 2D MPR, each reader reevaluated
all 30 segments. For the additional 3D dis-
plays, each reader reevaluated the same 10
segments from reading one, but in a new
randomized order. MPR = multiplanar refor-
mation image, PVR = perspective volume-
rendered image.

* Data in parentheses are the SEM.

T Determined with the Spearman rank or-
der correlation.

multiplanar reformation, 0.80-1.00 for
3D multiplanar reformation, and 0.60-
1.00 for 3D perspective volume-rendered
images. Of note, since k is used to remove
the number of agreements expected by
chance and calculate the remaining pro-
portion of agreement, the worst case of k
of 0.60 actually represents a total agree-
ment in eight of 10 cases. Spearman rank
order correlation coefficients, based on
the individual rated responses, were
0.83-0.91 for 2D multiplanar reforma-
tion, 0.82-0.98 for 3D multiplanar refor-
mation, and 0.82-0.96 for 3D perspec-
tive volume-rendered images.

When interviewed at the end of read-
ing two regarding recall of the cases, one
reader had recall of some findings in four
cases; however, he could not recall how
he rated the findings or the other colonic
findings. The other two readers stated
they had no or minimal recall.

Interobserver agreement.—Table 5 shows
the interobserver agreement for 2D mul-
tiplanar reformation, as analyzed accord-
ing to colonic segment for reading one
and reading two. The 2D multiplanar ref-
ormation was used to determine interob-
server agreement, since this display tech-
nique was evaluated in all 30 segments
by all readers, unlike the additional 3D
display techniques that were subdivided
among the readers. Overall, there was a
trend for improved interobserver agree-
ment at reading two, with « scores of
0.53-0.68 at reading one and increased k
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Image-Display
Technique k Value* r Valuet Readers k Value* r Valuet
2D MPR Reading 1
Reader 1 0.80(0.11) 0.89 1 and 2 0.68 (0.13) 0.86
Reader 2 0.93 (0.07) 0.91 1and 3 0.53 (0.16) 0.64
Reader 3 0.73(0.12) 0.83 2 and 3 0.61 (0.14) 0.74
3D MPR Reading 2
Reader 1 1.00 0.97 1 and 2 0.80 (0.11) 0.81
Reader 2 1.00 0.98 1and 3 0.73(0.12) 0.83
Reader 3 0.80 (0.19) 0.82 2 and 3 0.66 (0.14) 0.76
3D PVR
Reader 1 0.60 (0.25) 0.82 NoFe.—Agreement was analyzed for each co-
Reader 2 0.60 (0.23) 0.86 lonic segment (n = 30).
Reader 3 1.00 0.96 * Data in parentheses are the SEM.

T Determined with the Spearman rank or-
der correlation.

scores of 0.66-0.80 at reading two. The
findings were similar with the Spearman
rank order correlation coefficients, which
were 0.64-0.86 at reading one and which
increased to 0.76-0.83 at reading two.

Timed Reader Sessions and Image
Quality Evaluations

All three readers improved their timed
sessions of the colonic segments from
reading one to reading two for each im-
age-display technique. The pooled 2D
multiplanar reformation timed session
was 9.2 minutes for reading one (individ-
ual ranges, 8.3-10.7 minutes) and de-
creased to 7.0 minutes for reading two
(individual ranges, 6.2-7.8 minutes). The
incremental timed sessions for the 3D
display techniques following 2D multi-
planar reformation also showed overall
decreases. The 3D multiplanar reforma-
tion times were the shortest and had the
least variation, which is likely because of
the similarity to the 2D multiplanar ref-
ormation views that directly preceded
them. The pooled 3D multiplanar refor-
mation timed session was 7.1 minutes for
reading one (individual ranges, 6.8-7.5
minutes) and 5.6 minutes for reading two
(individual ranges, 5.4-5.9 minutes). The
endoscopic 3D perspective volume-ren-
dered timed sessions were the longest
and showed the most improvement in
time efficiency owing to the more de-
manding endoscopic navigational de-
mands. The pooled 3D perspective vol-
ume-rendered timed session was 15.4
minutes for reading one (individual
ranges, 10.8-18.4 minutes), which de-
creased to 11.1 minutes for reading two
(individual ranges, 10.2-12.4 minutes).

The pooled reader evaluations of the
image quality of the colonic segments

with 2D multiplanar reformation during
reading one demonstrated the following
distributions for the four parameters. For
luminal distention, 58% of segments
were excellent, 31% were good, 11% were
fair, and no segments were poor. For the
degree of fluid degradation, 53% of seg-
ments had none, 29% had mild degrada-
tion, 18% had moderate degradation,
and no segments had severe degradation.
For tortuosity, 20% of segments were
evaluated to have none, 48% were mini-
mal, 24% were moderate, and 8% were
marked. For overall depiction, 41% of the
segments were excellent, 42% were good,
17% were fair, and no segments were
poor.

Results of the analysis of variance with
use of the four image quality parameters
as the independent variables and the
timed reader sessions as the dependent
variables demonstrated that the image
quality parameters had the strongest ef-
fect on reading times for the endoscopic
3D perspective volume-rendered view.
Specifically, increased reading times for
3D perspective volume-rendered images
were associated with decreased overall
depiction (P = .005). There were trends of
increased reader sessions as tortuosity in-
creased with 3D perspective volume-ren-
dered (P = .08) and 3D multiplanar ref-
ormation images (P = .06). There was no
association between any image quality
parameter and reading times for 2D mul-
tiplanar reformation images.

DISCUSSION

With the rapid advancement of image-
display techniques for spiral CT colonog-
raphy, well-controlled evaluations of
reader performance are needed to opti-
mize reader protocols for larger prospec-
tive series. In this study, an image library
of clinically relevant colorectal lesions in
30 colonic segments was constructed to
uniquely evaluate both diagnostic perfor-
mance and reader agreement among 2D
multiplanar reformation and specific 3D
image-display techniques. Overall similar
results in diagnostic performance were
seen among the 2D multiplanar reforma-
tion and the 3D display techniques for
reading one and reading two. Pooled re-
sults according to polyp size category for
sensitivity and positive predictive value
among all three display techniques were
77%—-86% and 74%-86% (all polyps, n =
22), 91%-100% and 85%-100% (polyps
or cancers =10 mm, n = 11), and 61%-
73% and 61%-80% (polyps, 5-9 mm; n =
11), respectively. Although no statisti-
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cally significant differences were seen in di-
agnostic performance with the additional
3D thick-slab multiplanar reformation or
3D endoscopic perspective volume-ren-
dered images, a few individual cases showed
improved detection and characterization
with the 3D views. Evaluation of reader
agreement among the three experienced ab-
dominal readers demonstrated that overall
intraobserver agreement between reading
one and reading two was good, with a
broader range of interobserver variability.
Learning effects were most pronounced for
the less familiar 3D display techniques with
respect to both time required for navigation
and correct recognition of 3D morpholo-
gies.

Results of prospective studies (6-16) of
spiral CT colonography have shown a wide
range of diagnostic performance, with dif-
ferences present in influential variables
such as patient cohort, case mix of lesions,
types of image-display techniques, and
reader protocol. Overall, the sensitivity for
detection of polyps 10 mm and larger was
50%-90% (15,16). The number of polyps
evaluated in this size category ranged from
six to 22 and were reported in patient co-
horts of 44-100 (6-16). Authors of these
studies have reported different uses of 2D
and 3D display techniques, including eval-
uation of transverse 2D sections alone, 2D
multiplanar reformation combined with
various 3D endoscopic display techniques,
and digital 3D movies.

The results of two recent studies demon-
strate the overall range of reader results to
date. Fenlon et al (16) examined 100 pa-
tients by using a combined evaluation of 2D
transverse images and 3D endoscopic ante-
grade and retrograde digital movies. This
study reported sensitivities per polyp of
91% for polyps 10 mm or larger (n = 22)
and 82% for 6-9-mm polyps (n = 40). Pos-
itive predictive values ranged from 75% for
polyps 5 mm or smaller to 91% for polyps
10 mm or larger. These results contrast with
those of another recent report by Rex et al
(15), in which 46 patients were examined
by using combined 2D multiplanar refor-
mation and 3D display techniques. The sen-
sitivities per polyp were 50% for polyps 1
cm or larger (n = 14) and 43% for 6-9-mm
polyps (n = 14), with a specificity of 89% for
patients with polyps 1 cm or larger.

Although diagnostic performance in an
image library of selected colonic segments
may not generalize to prospective evalua-
tion of complete colons, comparisons can
be made with careful attention to the CT
reader protocol. Our reader protocol of the
various 2D and 3D image-display tech-
niques differed from those in prior in-
vestigations in several ways. Although we
discriminated between 2D and 3D per-
formance, our evaluation of the 2D display
technique did not include the transverse 2D
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images alone. Rather, our 2D evaluation in-
volved the interactive viewing of transverse,
sagittal, and coronal 2D multiplanar refor-
mation images as the initial evaluation. Our
rationale was that, given the limitation in
the number of display techniques that
could be feasibly tested within a reader
study, the 2D multiplanar reformation as
the primary evaluation was a ubiquitously
available simple display technique, which
was more concordant with the increasing
capabilities of thin-section volumetric CT
data acquisition.

Our pooled results of sensitivity for 2D
multiplanar reformation alone, stratified to
polyp size, were 94% for polyps 10 mm or
larger (n = 11) and 61%-70% for 5-9-mm
polyps. Results of prior investigations (7,15)
have shown poorer performances with
transverse 2D sections alone than with
combinations of 2D multiplanar reforma-
tion and 3D display techniques. In one se-
ries (7) of 70 patients, sensitivities for pol-
yps 10 mm or larger (n = 15) ranged from
47% with transverse 2D images to 67%-
73% with 3D evaluations. In another series
(15) of 46 patients, sensitivities for polyps
10 mm or larger (n = 14) ranged from 29%
with transverse 2D images to 50% with 3D
renderings. The lack of statistically signifi-
cant differences between performance with
2D and 3D images in our study may be
attributable in part to the advantages of si-
multaneous viewing in multiple planes
with 2D multiplanar reformation, com-
pared with viewing 2D transverse images
alone.

Our use of the 3D display techniques also
differed from that of prior study designs.
Our 3D display techniques were used both
to further characterize any focal finding on
2D multiplanar reformation images and to
detect any additional findings by means of
evaluating of the entire segment with the
3D display techniques. Evaluation of the
interactive, continuous antegrade, and ret-
rograde depiction with 3D perspective vol-
ume-rendered images of the entire colonic
segment has not been well studied to date.
Our study represents a preliminary evalua-
tion of a rapidly evolving technology
within computer graphics and differs from
the prior use of key frame, noninteractive
3D digital movies for endoscopic depiction.

Although no statistically different results
between our 2D multiplanar reformation
and 3D display techniques were present, in-
dividual cases showed examples of im-
proved characterization and detection with
the 3D views. In one case (Fig 3), an 8-mm
polyp was seen behind a haustral fold only
on 3D perspective volume-rendered images
at reading two; however, it was not cor-
rectly classified as a polyp. Although this
demonstrates the potential of improved de-
piction of surface area with 3D imaging to
detect additional lesions, lack of reader fa-

miliarity with 3D morphologies and distrac-
tion with 3D navigation hindered perfor-
mance.

The greatest value of the additional 3D
display techniques was in improved charac-
terization of false-positive findings on 2D
multiplanar reformation images (Fig 4).
Prior study (7,10) results have also docu-
mented the utility of 3D renderings to help
characterize nodular folds from polyps.
False-positive findings are a major concern
in the evaluation of new screening tests.
The potential of the 3D views to decrease
the false-positive rate of nodular folds may
have important implications, if CT colon-
ography is to be used as a screening algo-
rithm in selected cohorts.

Although the development and evalua-
tion of the 3D image-display techniques are
still evolving, the time currently required to
read and interpret these images is variable.
Our timed reader sessions of 3D perspective
volume-rendered images had the greatest
range in times and showed the greatest im-
provement in efficiency with reading two.
Dachman et al (10) reported timed reading
sessions for entire colons with the use of 2D
transverse sections combined with 3D en-
doscopic views in 44 patients with two read-
ers. The mean time spent on interpretation
was 28.5 minutes (range, 14-65 minutes),
with a small increase in reader times with
greater use of the 3D endoscopic view. In
that study, 3D was used selectively to prob-
lem solve focal findings at 2D review, unlike
the additional continuous navigation
throughout the entire segment that we re-
port. Further evaluations of the differences
in diagnostic performance and timed ses-
sions with the advancing image-display
techniques will be needed.

Reader agreement at spiral CT colonogra-
phy has not been well documented. In our
investigation, the diagnostic performance
of three readers was evaluated after an ini-
tial training period. Our three readers were
new to spiral CT colonography, and their
training sessions represented their primary
experience before beginning the formal
reader protocol. After reading one of the
protocol, reading two was performed 6
weeks later, with rerandomization of the
order of the cases. Interobserver agreement
with 2D multiplanar reformation, as ana-
lyzed according to colonic segment, dem-
onstrated a moderate to good range of k
scores. As expected, intraobserver agree-
ment between reading one and reading two
was better than interobserver agreement.
Each reader demonstrated good agreement
for all three image-display techniques, with
the largest range seen with 3D perspective
volume-rendered images.

Only two of the four published prospec-
tive series (7,10) have reported results of
two independent readers, with no analysis
of intra- or interobserver variability. Hara et
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al (7) reported on 70 patients in 1997, with
115 polyps evaluated independently by two
radiologists. Sensitivity for the two readers
for the 3D evaluation was 67% and 73% for
polyps 10 mm or larger (n = 15), 56% and
69% for 5-9-mm polyps (n = 21), and 25%
and 27% for polyps smaller than 5 mm (n =
79), respectively. Dachman et al (10) re-
ported on 44 patients with 22 polyps inde-
pendently evaluated by two radiologists. In
this investigation (10), transverse 2D source
images were used in combination with 3D
shaded-surface display for problem solving;
the results of sensitivity were nearly identi-
cal for the two readers, with sensitivities of
83% for polyps 8 mm or larger (n = 6), 33%
for 5-8-mm polyps (n = 3), and 0% and
15%, respectively, for polyps smaller than 5
mm (n = 13). Further evaluation of reader
agreement among less experienced readers
in prospective series will be important in
future studies.

There were several important factors that
may have influenced the results of this
study. The selection bias involved in form-
ing an image library of colonic segments
precludes generalization to prospective se-
ries. However, such a study design permits
efficient testing of diagnostic performance
and learning effects for different image-dis-
play techniques. There is a more positive
case mix of polyps than would be encoun-
tered in general screening. Authors of prior
reports (19,20) have estimated that 10%-
20% of patients who undergo routine
screening have polyps 1 cm or greater. In
this study, nine (30%) of 30 segments had
lesions of at least 1 cm. This spectrum bias
of an increased proportion of positive cases
may alter diagnostic performance (21).

The use of colonic segments rather than
complete colons also influences reader eval-
uations; however, our design facilitated full
evaluation with the 3D display techniques.
In our investigation, a range of colonic seg-
ments was used, with varying image qual-
ity. In a prior investigation by Chen et al
(13), luminal distention was quantified
with prone and supine spiral CT colono-
graphic acquisitions in 23 patients. In this
study (13), the combined scores of luminal
distention for the prone and supine colonic
segments were collapsed in 4%, poor in 1%,
good in 17%, and optimal in 77%. Our re-
sults of luminal distention in the 30 colonic
segments were proportionally similar, with
no segments with poor distention, 11%
with fair distention, 31% with good disten-
tion, and 58% with excellent distention.

Although our evaluation of interobserver

agreement among experienced abdominal
radiologists cannot be generalized to more
novice readers, this evaluation represents
the first step in early technology assessment
and allows design of future studies to in-
volve less specialized readers. Recall bias can
influence evaluation of intraobserver agree-
ment. However, in this study we believe no
substantial recall was present.

Finally, it is difficult to assess reader per-
formance with 3D endoscopic depiction,
given the rapidly evolving hardware and
software advances in 3D imaging. The 3D
perspective volume-rendered technique is
undergoing constant improvement, with
advances in autonavigation, extended field
of view depictions, and improved cross-reg-
istration between 2D and 3D. Thus, these
results represent the diagnostic perfor-
mance of 3D imaging at a given point in
evolution of the technology, in addition to
the early experience of reader familiarity
with 3D imagery.

In summary, the results of this investiga-
tion demonstrate that spiral CT colonogra-
phy is accurate for detection and character-
ization of colorectal polyps in an image
library of colonic segments, with good in-
traobserver agreement and variable interob-
server agreement. Individual cases showed
added value of improved characterization
and detection with the 3D image displays,
with learning effects noted. Training in the
systematic evaluation of the entire colon for
accurate recognition of 2D and 3D mor-
phologies will be essential in the develop-
ment of new readers for spiral CT colonog-
raphy. Future evaluations of spiral CT
colonography need to integrate new ad-
vances, such as improved image acquisition
and processing, into well-designed reader
studies with more generalizable study co-
horts and less experienced readers.
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