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ORIGINAL RESEARCH • GASTROINTESTINAL IMAGING

Colorectal cancer is the second most common cause of 
cancer death in developed countries (1). Screening for 

colorectal cancer, now recommended to start at age 45 
years, reduces the incidence and mortality of colorectal 
cancer (2). Screening methods include stool-based and vi-
sual-based tests (3–5). Of the visual-based screening meth-
ods, CT colonography is less invasive and results in fewer 
complications than does optical colonoscopy (6). Com-
pared with optical colonography, CT colonography has ad-
vantages: faster speed, absence of sedation, fewer complica-
tions, cost-effectiveness, and the ability to evaluate beyond 
obstruction or challenging anatomy (7,8). However, the 
colonic preparation for CT colonography remains a main 
reason for patient dissatisfaction and nonadherence (9). 
Fecal tagging and limited cathartic colon cleansing have 
been proposed to improve patient comfort. Fecal tagging 
also has the advantage of improving the detection of flat 
lesions (10,11).

Unfortunately, fecal tagging preparations are prone to 
interpatient variability and may result in inadequate fecal 

tagging, which can compromise confidence in the interpre-
tation of a CT colonography scan (12). To overcome the 
problem of poor fecal tagging, small series and case reports 
suggest that dual-energy CT may improve the visualization 
of faint amounts of contrast material to allow for differen-
tiation from polyps (13–17). Low-kiloelectron-volt (range, 
40–60 keV) dual-energy CT virtual monoenergetic recon-
structions accentuate iodine-based contrast enhancement 
(18,19).

For CT colonography, comparing dual-energy CT 
with conventional CT is challenging in actual patients. It 
is difficult and unethical to rescan individuals with differ-
ent colonic preparations and scanning techniques before 
polypectomy. Furthermore, the degree of stool tagging and 
colonic position and distention are hard to control in vivo. 
In addition, it is challenging to accumulate large numbers 
of proven polyps of different shapes and sizes (20). Thus, 
a dedicated colon phantom study is needed to provide 
foundational data on the value of dual-energy CT versus 
conventional CT for polyp detection in CT colonography. 
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Background:  Limited cathartic preparations for CT colonography with fecal tagging can improve patient comfort but may result in 
nondiagnostic examinations from poorly tagged stool. Dual-energy CT may overcome this limitation by improving the conspicuity 
of the contrast agent, but more data are needed.

Purpose:  To investigate whether dual-energy CT improves polyp detection in CT colonography compared with conventional CT at 
different fecal tagging levels in vitro.

Materials and Methods:  In this HIPAA-compliant study, between December 2017 and August 2019, a colon phantom 30 cm in diam-
eter containing 60 polyps of different shapes (spherical, ellipsoid, flat) and size groups (5–9 mm, 11–15 mm) was constructed and 
serially filled with simulated feces tagged with four different iodine concentrations (1.26, 2.45, 4.88, and 21.00 mg of iodine per 
milliliter), then it was scanned with dual-energy CT with and without an outer fat ring to simulate large body size (total diameter, 
42 cm). Two readers independently reviewed conventional 120-kVp CT and 40-keV monoenergetic dual-energy CT images to re-
cord the presence of polyps and confidence (three-point scale.) Generalized estimating equations were used for sensitivity compari-
sons between conventional CT and dual-energy CT, and a Wilcoxon signed-rank test was used for reader confidence.

Results:  Dual-energy CT had higher overall sensitivity for polyp detection than conventional CT (58.8%; 95% confidence interval 
[CI]: 49.7%, 67.3%; 564 of 960 polyps vs 42.1%; 95% CI: 32.1%, 52.8%; 404 of 960 polyps; P , .001), including with the fat 
ring (48% and 31%, P , .001). Reader confidence improved with dual-energy CT compared with conventional images on all tag-
ging levels (P , .001). Interrater agreement was substantial (k = 0.74; 95% CI: 0.70, 0.77).

Conclusion:  Compared with conventional 120-kVp CT, dual-energy CT improved polyp detection and reader confidence in a dedi-
cated dual-energy CT colonography phantom, especially with suboptimal fecal tagging.
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A total of 10 polyps of each size group and shape were affixed 
to the walls of both colon phantoms (Fig 1b–1d). For CT scan-
ning, the two colons were placed separately in an ellipsoid 30 3 
23 cm encasement (Fig 1e) cast with the same composite resin. 
To simulate a larger patient size, examinations were also per-
formed with an additional outer fat ring of adipose-equivalent 
plastic (CIRS, Norfolk, Va) with a 42 3 35 cm ellipsoid cross 
section (Fig 1f).

A stool surrogate was created by mixing polyvinyl acetate, 
water, sodium borate, and diatomaceous earth to simulate both 
the spectral attenuation curve of stool and the CT texture with 
air inclusions. The stool surrogate was mixed with four dif-
ferent concentrations of iodine (Omnipaque 350; GE Health-
care, Marlborough, Mass): 1.26, 2.45, 4.88, and 21.00 mg of 
iodine per milliliter to simulate trace, poorly tagged, weakly 
tagged, and well-tagged stool, respectively. Attenuation values 
for the tagged stool at 120 kVp were 50, 100, 200, and 600 
HU, respectively.

CT Image Acquisition
All CT colonography examinations with iodinated fecal tag-
ging were performed with a dual-energy CT scanner (IQon; 
Philips Healthcare, Cleveland, Ohio). Acquisition parameters 
were helical scanning mode, axial acquisition plane, collima-
tion of 64 3 0.625 mm, tube voltage of 120 kVp, tube cur-
rent of 50 mAs, pitch of 1.015, rotation time of 0.5 second, 
matrix of 512, field of view of 350 mm without the fat ring 
and 463 mm with the fat ring, and volume CT dose index of 
4.5 mGy. With dual-layer spectral detector dual-energy CT, 
true conventional 120-kVp and dual-energy CT images were 
acquired simultaneously. Images were reconstructed at 1-mm 
section thickness and 1-mm section intervals as conventional 
120-kVp and 40-keV monoenergetic images.

CT Image Reading
Two board-certified radiologists (A.S., B.M.Y.; 2 and 18 years 
of subspecialized experience in abdominal radiology, respec-
tively) independently read all 12 examinations individually 
on axial images: They first read only conventional (120-kVp) 
CT images and then reread the 40-keV monoenergetic dual-
energy CT images. Readers knew only that all examinations 
contained polyps. To reduce recollection bias, examinations 
were provided in multiple sessions, 2 weeks apart, starting with 
examinations with the lowest expected detection rates. Images 
were read on a picture archiving and communication system 
workstation that allowed readers to magnify, window, and level 
images freely. CT images were provided in only one orienta-
tion, with the artificial stool completely surrounding all polyps 
(Fig 2). For any polyps perceived by the readers (both true- and 
false-positive findings), the section, position, and quadrantal 
location of the polyp in the bowel lumen were stated and re-
corded by a third investigator (M.M.O.) who sat behind the 
readers. Readers graded their confidence on a three-point Lik-
ert scale (0, 50%–75% confidence; 1, 76%–90% confidence; 
2, .90% confidence).

For analysis, the two colon phantoms were each divided 
into 168 segments based on haustral landmarks and quadrantal 

Abbreviations
CI = confidence interval, IQR = interquartile range

Summary
When compared with conventional 120-kVp CT, dual-energy CT 
improved the detection and reader confidence of polyps in poorly 
tagged CT colonography examinations.

Key Results
	n Dual-energy CT had higher overall sensitivity compared with con-

ventional CT (58.8% vs 42.1%, P , .001) in polyp detection.
	n Reader confidence in polyp detection improved with dual-energy 

CT images compared with conventional images on all tagging lev-
els (P , .001); interrater agreement was substantial (k = 0.74).

	n Dual-energy CT images had better sensitivity than conventional CT 
images for all different levels of impaired fecal tagging (all P , .03).

Previous CT colonography phantom studies tested only con-
ventional CT but not dual-energy CT (21–26). For dual-energy 
CT, the colonic phantom must simulate human tissue and phys-
iologic stool attenuation not only at 120 kVp but also across the 
different photon energies.

The aim of our study was to investigate whether low-kiloelec-
tron-volt monoenergetic dual-energy CT improves polyp detec-
tion and reader confidence in CT colonography with impaired 
fecal tagging compared with conventional CT images in a phan-
tom that mimics the spectral attenuation values of tissue, feces, 
and contrast at dual-energy CT.

Materials and Methods
This Health Insurance Portability and Accountability Act–
compliant institutional review board–approved study was con-
ducted between December 2017 and August 2019; the need 
for informed consent was waived.

Philips Healthcare provided funding as part of a research 
grant; they had no influence on the data for this study.

CT Colonography Phantom
An anthropomorphic colon phantom for dual-energy CT im-
aging was constructed. The chosen materials simulated both 
human tissue CT attenuation values at 120 kVp and the full 
energy spectrum at dual-energy CT. To simulate fat, a compos-
ite polyurethane resin (Instacast; Douglas and Sturgess, Rich-
mond, Calif ) with low-density silica (Nextrast, Burlingame, 
Calif ) was used to cast two clamshell-design phantoms in the 
shape and size of a human colon. To simulate the soft tissue of 
the bowel wall, the lumen was coated (,3 mm) with polyure-
thane rubber (VytaFlex 30; Smooth-On, Macungie, Pa) doped 
with magnesium and tantalum oxide to obtain a constant at-
tenuation at 50 HU across all energies (Fig 1a). The same mate-
rial was used to cast polyps in three different shapes (spherical, 
ellipsoid, and flat), with flat lesions measuring less than 3 mm 
in height (27). The molds for these polyps were three-dimen-
sionally printed in two size categories: The longest diameters 
were 6–9 mm (small) and 11–15 mm (big). These size groups 
were used to assess the effect of polyp size on detection rates.
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analyzed by using R statistical software (version 3.2.5; R Core 
Team, Vienna, Austria) (29).

Results
Interrater agreement between both readers was substantial (k = 
0.74; 95% confidence interval [CI]: 0.70, 0.77).

Conventional CT had low overall sensitivity (42.1%; 95% 
CI: 32.1%, 52.8%; 404 of 960 polyps) for all shapes and sizes of 
polyps, for both readers combined, and for all scans of different 
tagging levels, with and without the additional fat ring. Dual-
energy CT had higher sensitivity, at 58.8% (95% CI: 49.7%, 
67.3%; 564 of 960 polyps; P , .001).

Influence of Tagging Level
Sensitivity for the different tagging levels improved with higher 
iodine concentration in the fecal material for both the conven-
tional CT images (trace tagging, 11.3%; 95% CI: 7.0% 17.5%; 
27 of 240) (poor tagging, 23.8%; 95% CI: 14.6% 36.3%; 57 
of 240; P = .26 vs trace tagging) (weak tagging, 57.1%; 95% 
CI: 40.2%, 72.5%; 137 of 240; P , .001 vs trace tagging;  
P = .007 vs poor tagging) (well tagged, 76.3%; 95% CI: 
68.6%, 82.5%; 198 of 240; P , .001 vs trace tagging; P , 

orientation, resulting in a total of 336 colonic segments (276 
segments without a polyp, 60 segments with a polyp).

Statistical Analysis
Interrater agreement was tested by using the Cohen k statis-
tic. Values were interpreted as proposed by Landis and Koch: 
a k value of 0–0.20 indicated slight agreement; a k value of 
0.21–0.40, fair agreement; a k value of 0.41–0.60, moderate 
agreement; a k value of 0.61–0.80, substantial agreement; and 
a k value of 0.81–1, almost perfect agreement (28). Sensitivi-
ties for polyps and different levels of stool tagging, polyp size, 
and shape were calculated. Differences were compared by us-
ing generalized estimating equation modeling with logit link 
function to account for clustering in the data related to the 
use of two phantoms, repeated scanning of these at different 
tagging levels, and two readers. Readers’ confidence is given 
as the median and interquartile range (IQR), and differences 
between conventional and dual-energy CT images for polyps 
identified as true-positive findings were compared by using a 
Wilcoxon signed-rank test. Bonferroni correction was used for 
multiple comparison adjustment, and P values less than .05 
were considered to indicate a significant difference. Data were 

Figure 1:  Colon phantom. (a) Half of the clam shell resin colon model. White resin simulates CT attenuation of adipose tissue, and surface of the colon lumen is coated 
with soft-tissue–equivalent polyurethane to simulate bowel-wall CT attenuation across the 40–200-keV x-ray spectra. (b) Zoomed-in view of one ellipsoid polyp in the 
splenic flexure of the colon phantom. (c) Endoscopic view of the same polyp as in b. (d) Three-dimensionally rendered image of the CT colonography scan of the same 
polyp as in b. (e) Fully assembled colon phantom. An anthropomorphic encasement surrounds the two halves of the colon phantom in the middle of the phantom. The 
diameter of the phantom is 30 cm laterally and 23 cm in the anteroposterior direction. (f) A fat ring of material that simulates adipose tissue across the 40–200-keV x-ray 
spectra is placed around the assembled phantom to increase the lateral diameter to 42 cm and the anteroposterior diameter to 35 cm.
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but the same radiation dose, the same tagging levels had lower 
sensitivity compared with scans without the fat ring, both for 
conventional and dual-energy CT images (Fig 3, Table 1).

Influence of Polyp Size
When we compared the overall sensitivity for polyp detec-
tion between the two size groups, bigger polyps (59.3%; 
95% CI: 49.2%, 68.6%; 569 of 960) had higher sensitivity 
than small polyps (41.6%; 95% CI: 32.2%, 51.6%; 399 of 
960; P , .001).

When all tagging levels were combined, dual-energy CT had 
higher sensitivity (small polyps, 49.4%; 95% CI: 39.6%, 59.2%; 

.001 vs poor tagging; P = .23 vs weak tagging) and the dual-
energy CT images (trace tagging, 27.5%; 95% CI: 20.8%, 
35.4%; 66 of 240) (poor tagging, 52.1%; 95% CI: 40.9%, 
63.1%; 125 of 240; P = .002 vs trace tagging) (weak tagging, 
70.8%; 95% CI: 57.4%, 81.4%; 170 of 240; P , .001 vs trace 
tagging; P = .16 vs poor tagging) (well tagged, 85.6%; 95% 
CI: 75.9%, 90.5%; 203 of 240; P , .001 vs trace tagging; P , 
.001 vs poor tagging; P = .34 vs weak tagging). For reading of 
dual-energy CT images, sensitivity was higher compared with 
reading of conventional CT images for most individual tag-
ging levels among scans with and those without the fat ring 
separately (Table 1, Fig 3). For scans with the added fat ring 

Table 1: Sensitivity and Diagnostic Performance for Polyp 
Detection for Different Phantom Set-ups

Scanning Set-up Sensitivity
No fat ring
  Trace tagging
    Conventional 12.5 [7.7, 19.6] (15/120)
    Spectral 32.5 [24.2, 42.1] (39/120)
    P value .03*
  Poor tagging
    Conventional 38.3 [33.1, 43.9] (46/120)
    Spectral 66.7 [59.0, 73.5] (80/120)
    P value ,.001*
  Weak tagging
    Conventional 79.2 [77.8, 80.5] (95/120)
    Spectral 86.7 [82.1, 90.2] (104/120)
    P value .005*
  Well tagged
    Conventional 84.2 [74.3, 90.7] (101/120)
    Spectral 92.5 [77.0, 97.8] (111/120)
    P value ..99
Fat ring
  Trace tagging
    Conventional 10 [4.2, 21.9] (12/120)
    Spectral 22.5 [14.5, 33.2] (27/120)
    P value .01*
  Poor tagging
    Conventional 9.2 [4.5, 17.7] (11/120)
    Spectral 37.5 [30.7, 44.8] (45/120)
    P value ,.001*
  Weak tagging
    Conventional 35.0 [22.9, 49.4] (42/120)
    Spectral 55.0 [45.3, 64.4] (66/120)
    P value ,.001*
  Well-tagged
    Conventional 68.3 [65.4, 71.1] (82/120)
    Spectral 76.7 [74.3.1, 78.9] (92/120)
    P value ,.001*

Note.—Data are sensitivity, expressed as percentages, with 95% 
confidence intervals in brackets and absolute numbers in parenthe-
ses. Comparisons for sensitivity were done by using a generalized 
estimated equation; to correct for multiple comparisons, P values 
were adjusted with Bonferroni correction.
* P value indicates a significant difference.

Figure 2:  Examples of phantom CT scan. Conventional (left) and dual-energy 
40-keV (right) scans of an ellipsoid polyp (8-mm diameter). Each column displays 
the polyp first with no artificial fecal material, then with increasing degrees of fecal 
tagging in the stool surrogate (top to bottom). DECT = dual-energy CT.
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24 of 60 vs 23.3%; 95% CI: 13.6%, 37.0%; 14 of 60), and 
well-tagged stool (71.6%; 95% CI: 62.5%, 79.3%; 43 of 60 vs 
58.3%; 95% CI: 52.8%, 63.6%; 35 of 60; all P , .001). With-
out use of the additional fat ring, dual-energy CT improved sen-
sitivity for trace tagging (23.3%; 95% CI: 13.6%, 37.0%; 14 of 
60 vs 10%; 95% CI: 4.7%, 20.0%; six of 60; P , .001), poor 
tagging (51.7%; 95% CI: 43.2%, 60.0%; 31 of 60; vs 21.7%; 
95% CI: 15.4%, 29.6%; 13 of 60; P = .003), and weak tagging 
(80%; 95% CI: 70.8%, 86.8%; 48 of 60 vs 68.3%; 95% CI: 
60.8%, 75.0%; 41 of 60; P , .001) (Fig 4).

237 of 480) (big polyps, 68.1%; 95% CI: 59.1%, 76.0%; 327 
of 480) for polyp detection than conventional CT (small pol-
yps, 33.8%; 95% CI: 24.6%, 44.3%; 162 of 480) (big polyps, 
50.4%; 95% CI: 39.0%, 61.8%; 242 of 480) in both size groups 
(both P , .001).

Subgroup analysis of small polyps of examinations with the 
fat ring had improved sensitivity when dual-energy CT was used 
compared with conventional CT for poor tagging (23.3%; 95% 
CI: 16.8%, 31.4%; 14 of 60 vs 5.0%; 95% CI: 2.8%, 8.7%; 
three of 60), weak tagging (40.0%; 95% CI: 31.2%, 49.5%; 

Figure 3:  Overall sensitivity for polyp detection with different degrees of fecal tagging. Trace, poorly tagged, weakly 
tagged, and well-tagged stool corresponded to the following iodine concentrations and attenuation values on conventional 
(120-kVp) images: 1.26 mg of iodine per milliliter (I/mL) (50 HU), 2.45 mg I/mL (100 HU), 4.88 mg I/mL (200 HU), and 
21.00 mg I/mL (600 HU), respectively. Polyps had an attenuation of 50 HU on both conventional and dual-energy CT im-
ages. Results for phantom without and within the fat ring to simulate large-body habitus are shown separately. All polyp sizes 
and shapes are pooled. Error bars indicate the 95% confidence interval. * Statistically significant comparisons.

Figure 4:  Sensitivity for polyp detection by polyp size. Trace, poorly tagged, weakly tagged, and well-tagged stool corre-
sponded to the following iodine concentrations and attenuation values on conventional (120-kVp) images: 1.26 mg of iodine per 
milliliter (I/mL) (50 HU), 2.45 mg I/mL (100 HU), 4.88 mg I/mL (200 HU), and 21.00 mg I/mL (600 HU), respectively. Polyps 
had an attenuation of 50 HU on both conventional and dual-energy CT images. Results for the phantom without and within the fat 
ring to simulate large body habitus are shown separately. All polyp shapes are pooled. Error bars indicate the 95% confidence 
interval. * Statistically significant comparisons.
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29 of 40 vs 57.5%; 95% 
CI: 53.2%, 61.7%; 23 
of 40; P = .04) (Fig 5, 
Table 2).

Reader Confidence
The mean overall confi-
dence for polyp detec-
tion in correctly identi-
fied polyps was higher 
for dual-energy CT than 
for conventional CT on 
all tagging levels (me-
dian, 2.0 [IQR, 2.0–2.0]  
vs 2.0 [IQR, 1.0–2.0]; 
P , .001). Higher stool 
tagging levels and scans 
without the fat ring 
showed higher reader 
confidence. Dual-energy 
CT images improved 
reader confidence in ex-

aminations with weak tagging with the fat ring (median, 2.0 
[IQR, 1.25–2.0] vs 1.0 [IQR, 1.0–2.0]; P = .04) and without 
the fat ring (median, 2.0 [IQR, 2.0–2.0] vs 2.0 [IQR, 1.0–2.0];  
P , .001) and in examinations with poor tagging with-
out the fat ring (median, 2.0 [IQR, 2.0–2.0] vs 1.0 [IQR, 
1.0–2.0]; P , .001) (Table 3). For all false-positive polyps 
detected with both conventional and dual-energy CT, con-
fidence was scored as 0.

Discussion
CT colonography is gaining importance in colorectal cancer 
screening. Satisfactory colonic preparation with fecal tagging 
remains a challenge and a major limitation. In our study, we 
built a spectral colon phantom to assess the additional value of 
dual-energy CT in polyp detection and reader confidence in 
cases with various levels of impaired fecal tagging to overcome 
this limitation. Our study showed improved sensitivity for 
polyp detection with reading of dual-energy CT virtual 40-keV 
reconstructions compared with conventional 120-kVp CT im-
ages (sensitivity, 58.8% vs 42.1%; P , .001). At dual-energy 
CT, polyp detection sensitivity improved for flat, ellipsoid, and 
spherical polyp shapes and for small and large polyps, as well as 
for different patient sizes. Furthermore, reader confidence im-
proved with 40-keV reconstructions compared with 120-kVp 
images (1.77 vs 1.54, P , .001).

The CT colonography phantom simulated a human colon 
in terms of anatomic details (haustral folds) and in spectral at-
tenuation curves both for the tissues (abdominal fat, polyp, 
and bowel wall attenuation) and for the tagged fecal material. 
We tested very low levels of fecal tagging (trace, poor, and weak 
tagging [range, 80–200 HU]), considered nondiagnostic in 
current standard imaging, and a normal level of fecal tagging 
(well tagged, 600 HU).

Although no prior studies of clinical or phantom scans 
reported on the diagnostic performance of dual-energy CT 

For large polyps, dual-energy CT improved sensitivity com-
pared with conventional CT for examinations with the fat ring 
with trace tagging (30.0%; 95% CI: 21.1%, 40.6%; 18 of 60; 
vs 13.3%; 95% CI: 5.9%, 27.3%; eight of 60; P = .02), poor 
tagging (51.7%; 95% CI: 44.6%, 58.7%; 31 of 60 vs 13.3%; 
95% CI: 5.1%, 30.7%; eight of 60; P = .007), and weak tag-
ging (70.0%; 95% CI: 54.2%, 82.1%; 42 of 60; vs 46.7%; 95% 
CI: 28.0%, 66.3%; 28 of 60; P , .001). In examinations with-
out the fat ring, sensitivity was improved only for poor tagging 
(81.7%; 95% CI: 73.5%, 87.8%; 49 of 60 vs 55.0%; 95% CI: 
49.5%, 60.3%; 33 of 60; P , .001).

Influence of Polyp Shape
When we combined all tagging levels, the polyp detection 
sensitivity was lowest for flat lesions (34.1%; 95% CI: 25.9%, 
43.3%; 218 of 640) and highest for spherical polyps (64.7%; 
95% CI: 53.7%, 74.3%; 414 of 640; P , .001).

Dual-energy CT improved sensitivity over conventional 
CT for spherical polyps in examinations with poor tag-
ging in scans without the fat ring (82.5%; 95% CI: 69.2%, 
90.8%; 33 of 40 vs 55.0%; 95% CI: 38.8%, 70.2%; 22 of 
40; P , .001) and in examinations with the fat ring with 
trace tagging (37.5%; 95% CI: 24.3%, 52.7%; 15 of 40 vs 
17.5%; 95% CI: 8.1%, 33.9%; seven of 40), poor tagging 
(52.5%; 95% CI: 48.2%, 56.7%; 21 of 40 vs 10.0%; 95% 
CI: 10.0%, 10.0%; four of 40), and weak tagging (77.5%; 
95% CI: 68.4%, 84.6%; 31 of 40 vs 57.5%; 95% CI: 44.6%, 
69.5%; 23 of 40) (all P , .001). For ellipsoid polyps sen-
sitivy was improved in examinations with the fat ring with 
poor tagging (37.5%; 95% CI: 25.8%, 50.8%; 15 of 40 vs 
12.5%; 95% CI: 5.1%, 27.5%; five of 40; P = .02) and well 
tagged (87.5%; 95% CI: 82.6%, 91.1%; 35 of 40 vs 77.5; 
95% CI: 73.0%, 81.5%; 31 of 40; P , .001). For flat polyps, 
sensitivity was only improved in examinations with weak tag-
ging without the fat ring (72.5%; 95% CI: 68.1%, 76.5%; 

Figure 5:  Sensitivity for polyp detection by polyp shape. Trace, poorly tagged, weakly tagged, and well-tagged stool corre-
sponded to the following iodine concentrations and attenuation values on conventional (120-kVp) images: 1.26 mg of iodine per 
milliliter (I/mL) (50 HU), 2.45 mg I/mL (100 HU), 4.88 mg I/mL (200 HU), and 21.00 mg I/mL (600 HU), respectively. Polyps 
had an attenuation of 50 HU on both conventional and dual-energy CT images. Results for the phantom without the fat ring are 
shown. All polyp sizes are pooled. Error bars indicate the 95% confidence interval. * Statistically significant comparisons.
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Table 2: Subgroup Analysis of Polyp Detection Rates for Different Polyp Shapes

Scanning Set-up

Sensitivity

Spherical Ellipsoid Flat
No fat ring
  Trace tagging
    Conventional 20.0 [8.7, 39.7] (8/40) 10.0 [4.9, 19.4] (4/40) 7.5 [2.5, 20.7] (3/40)
    Spectral 47.5 [27.0, 68.9] (19/40) 27.5 [16.7, 41.8] (11/40) 22.5 [11.2, 40.0] (9/40)
    P value .10 .90 ..99
  Poor tagging
    Conventional 55.0 [38.8, 70.2] (22/40) 37.5 [27.6, 48.6] (15/40) 22.5 [12.3, 37.6] (9/40)
    Spectral 82.5 [69.2, 90.8] (33/40) 62.5 [47.3, 75.6] (25/40) 55.0 [50.0, 59.8] (22/40)
    P value ,.001* ..99 .06
  Weak tagging
    Conventional 92.5 [87.0, 95.8] (37/40) 87.5 [82.6, 91.2] (35/40) 57.5 [53.2, 61.7] (23/40)
    Spectral 97.5 [87.2, 99.9] (39/40) 90.0 [80.6, 95.1] (36/40) 72.5 [68.1, 76.5] (29/40)
    P value ..99 ..99 .04*
  Well tagged
    Conventional 95.0 [87.1, 98.1] 38/40 92.5 [79.3, 97.5] (37/40) 65.0 [46.1, 80.1] (26/40)
    Spectral 97.5 [87.2, 99.9] (39/40) 9.50 [87.1, 98.2] (38/40) 85.0 [53.7, 96.5] (34/40)
    P value ..99 ..99 ..99
Fat ring
  Trace tagging
    Conventional 17.5 [8.1, 33.9] (7/40) 10.0 [3.6, 24.8] (4/40) 2.5 [0.4, 12.8] (1/40)
    Spectral 37.5 [24.4, 52.7] (15/40) 20.0 [10.6, 34.6] (8/40) 10.0 [4.9, 19.4] (4/40)
    P value ,.001* .76 ..99
  Poor tagging
    Conventional 10.0 [10.0, 10.0] (4/40) 12.5 [5.1, 27.5] (5/40) 5.0 [0.9, 23.9] (2/40)
    Spectral 52.5 [48.2, 56.7] (21/40) 37.5 [25.8, 50.8] (15/40) 22.5 [15.4, 31.6] (9/40)
    P value ,.001* .02* ..99
  Weak tagging
    Conventional 57.5 [44.6, 69.5] (23/40) 32.5 [14.8, 57.1] (13/40) 15.0 [7.0, 29.4] (6/40)
    Spectral 77.5 [68.3, 84.6] (31/40) 60.0 [47.6, 71.2] (24/40) 27.5 [15.5, 44.0] (11/40)
    P value ,.001* .06 ,.001*
  Well-tagged
    Conventional 97.5 [87.2, 99.6] (39/40) 77.5 [73.0, 81.5] (31/40) 30.0 [21.2, 40.6] (12/40)
    Spectral 97.5 [87.2, 99.6] (39/40) 87.5 [82.6, 91.2] (35/40) 45.0 [34.4, 56.0] (18/40)
    P value ..99 ,.001* 0.45

Note.—Data are sensitivity, expressed as percentages, with 95% confidence intervals in brackets and absolute numbers in 
parentheses. Comparisons for sensitivity were done by using a generalized estimated equation; to correct for multiple compari-
sons, P values were adjusted with Bonferroni correction.
* P value indicates a significant difference.

versus conventional CT for CT colonography, we found lower 
sensitivities for polyps than those reported in other clinical 
studies using conventional CT colonography (30). One reason 
for our lower sensitivity is likely our focus on low-level stool 
tagging, which made polyp detection challenging. In addition, 
we included flat lesions thinner than 3 mm, which have a lower 
detection rate at CT colonography. Moreover, our phantoms 
were viewed in only one position (prone), with all polyps being 
covered by artificial stool. Our low observed sensitivities may 
also explain why some of our subgroup analyses did not show 
an improvement in polyp detection rate with low-kiloelectron-
volt images compared with 120-kVp images because readers 
detected only low numbers of polyps.

Common concerns for the clinical use of dual-energy CT 
include the potential need for higher radiation dose than for 
conventional CT and the need to preselect patients for dual-
energy CT protocols versus conventional CT. With the spectral-
detector–based dual-energy CT system we used, the dual-energy 
data set is always acquired simultaneously with the conventional 
(120-kVp) images without any dose penalty or the need for a 
separate imaging protocol. The scans we obtained are in the low-
dose spectrum, with a volume CT dose index of 4.5 mGy (31). 
Because the volume CT dose index was the same for scans ob-
tained with and those obtained without the fat ring, higher im-
age noise explains the lower sensitivity for polyp detection in the 
larger phantom. For large patients with a body size equivalent 
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Table 3: Reader Confidence for Correct Polyp Detection

Scanning Set-up

No Fat Ring Fat Ring

No. of Polyps Detected Confidence No. of Polyps Confidence 
Trace tagging 15 … 12 …
  Conventional … 1.00 (1.00–1.00) … 1.00 (0.75–1.00)
  Spectral … 2.00 (1.00–2.00) … 1.00 (1.00–2.00)
  P value … .46 … .56
Poor tagging 46 11 …
  Conventional … 1.00 (1.00–2.00) … 1.00 (0.00–1.00)
  Spectral … 2.00 (2.00–2.00) … 2.00 (1.00–2.00)
  P value … ,.001* … .09
Weak tagging 95 … 42 …
  Conventional … 2.00 (1.00–2.00) … 1.00 (1.00–2.00)
  Spectral … 2.00 (2.00–2.00) … 2.00 (1.25–2.00)
  P value … ,.001* … .04*
Well tagged 101 … 81 …
  Conventional … 2.00 (2.00–2.00) … 2.00 (2.00–2.00)
  Spectral … 2.00 (2.00–2.00) … 2.00 (2.00–2.00)
  P value … ..99 … ..99

Note.—Unless otherwise indicated, data are medians, with the interquartile range in parentheses. Comparisons were made by using 
Wilcoxon signed-rank test; to correct for multiple comparisons, P values were adjusted with Bonferroni correction.
* P values indicate a significant difference.

to that represented by the fat ring scans, a compensatory higher 
radiation dose could certainly be chosen. Nevertheless, despite 
the higher noise, 40-keV monoenergetic images still improved 
sensitivity compared with 120-kVp images for the larger simu-
lated body size.

Our study had several limitations. First, our study was lim-
ited to phantoms, without actual patients. However, use of 
phantoms allowed precise polyp size and shape and fecal tagging 
levels without concern for interscan variation, such as degree of 
colonic distention or undue radiation, which would be impracti-
cal and unethical in patients. Second, because of the use of the 
same phantom for repeated scans, recall bias may have resulted 
in additionally detected polyps for both conventional and dual-
energy CT; therefore, the beneficial effect of dual-energy CT 
may be underestimated. Third, we used only axial images for im-
age review, without three-dimensional reformations. Because of 
the low levels of fecal tagging and the large amount of stool, con-
ventional electronic cleansing of the bowel was not possible and 
would have resulted in the conventional image data set not being 
cleansed at all, without meaningful three-dimensional depiction 
of the submerged polyps. Fourth, our study was performed with 
a dual-layer spectral detector dual-energy CT system. Although 
virtual monoenergetic images can be generated with all dual-
energy CT platforms, the anticorrelated noise suppression of 
dual-energy CT may provide a higher signal-to-noise ratio for 
low-kiloelectron-volt virtual monoenergetic images (32). There-
fore, results may not transfer to other dual-energy CT platforms 
because 40-keV images might be less favorable for other dual-
energy CT systems.

In conclusion, in a dual-energy CT colonography phantom 
with suboptimally tagged stool, low-kiloelectron-volt dual- 

energy CT improved the detection of polyps, as well as reader con-
fidence compared with conventional 120-kVp images. Future 
study of dual-energy CT-augmented electronic stool subtrac-
tion, which is not currently clinically available, will be needed to 
assess three-dimensional evaluation. In addition, further clinical 
study of dual-energy CT reconstructions in CT colonography 
for various platforms is warranted. Such a technique may salvage 
cases of suboptimal fecal tagging or reduce the amount of oral 
contrast medium needed for bowel preparation.
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