Note: This copy is for your personal non-commercial use only. To order presentation-ready
copies for distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights.

1

From the Departments of Radiology (T.A.P., C.L.B., M.G.L.,
L.A.S., B.J.W., F.T.L.), Biomedical Engineering (C.L.B.), and
Medical Physics (C.L.B.), University of Wisconsin-Madison,
E3/366 Clinical Science Center, 600 Highland Ave, Madison,
WI 53792. Received April 13, 2014; revision requested May
21; revision received July 14; accepted August 12; final
version accepted September 17. Address correspondence to T.A.P. (e-mail: theodora.nemeth@gmail.com).
q

Purpose:

To compare dual-energy computed tomography (CT) with
conventional CT for the detection of small-bowel ischemia
in an experimental animal model.

Materials and
Methods:

The study was approved by the animal care and use committee and was performed in accordance with the Guide
for Care and Use of Laboratory Animals issued by the
National Research Council. Ischemic bowel segments (n
= 8) were created in swine (n = 4) by means of surgical
occlusion of distal mesenteric arteries and veins. Contrast material–enhanced dual-energy CT and conventional
single-energy CT (120 kVp) sequences were performed
during the portal venous phase with a single-source fastswitching dual-energy CT scanner. Attenuation values
and contrast-to-noise ratios of ischemic and perfused
segments on iodine material−density, monospectral dualenergy CT (51 keV, 65 keV, and 70 keV), and conventional
120-kVp CT images were compared. Linear mixed-effects
models were used for comparisons.

Results:

The attenuation difference between ischemic and perfused segments was significantly greater on dual-energy
51-keV CT images than on conventional 120-kVp CT images (mean difference, 91.7 HU vs 47.6 HU; P , .0001).
Conspicuity of ischemic segments was significantly greater
on dual-energy iodine material−density and 51-keV CT images than on 120-kVp CT images (mean contrast-to-noise
ratios, 4.9, 4.3, and 2.1, respectively; P , .0001). Although attenuation differences on dual-energy 65- and 70keV CT images were not significantly different from those
on 120-kVp images (55.0 HU, 45.8 HU, and 47.6 HU,
respectively; 65 keV vs 120 kVp, P = .15; 70 keV vs 120
kVp, P = .46), the contrast-to-noise ratio was greater for
the 65- and 70-keV images than for the 120-kVp images
(4.4, 4.1, and 2.1 respectively; P , .0005).

Conclusion:

Dual-energy CT significantly improved the conspicuity of
the ischemic bowel compared with conventional CT by
increasing attenuation differences between ischemic and
perfused segments on low–kiloelectron volt and iodine
material density images.
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A

cute bowel ischemia is a lifethreatening abdominal emergency with reported mortality
rates of 59%–93% (1). The clinical presentation is often nonspecific, with considerable symptom overlap with other
acute abdominal conditions. Prompt
surgical intervention remains the primary treatment choice but is less effective in patients with prolonged symptoms or a delay in diagnosis. In a study
of 72 patients who underwent surgical
intervention for acute mesenteric ischemia, Kougias et al (2) reported 14%
mortality if surgery was performed
less than 12 hours after symptom onset and 72% mortality if surgery was
performed more than 12 hours after
symptom onset.
Computed tomography (CT) is the
most useful first-line diagnostic test to
evaluate patients suspected of having
bowel ischemia. Although multidetector
contrast material–enhanced CT (with CT
angiography) has shown high sensitivity
in the diagnosis of acute bowel ischemia,
several of the most common signs are
nonspecific, including bowel wall thickening, bowel dilatation, mesenteric stranding, and mesenteric fluid. However, bowel
wall hypoenhancement, the CT sign with
the highest specificity (93%–100%), may
go unrecognized (3–8). Recognition of
bowel wall hypoenhancement may be
especially valuable early in acute presentation, when late secondary signs of infarction (both clinical and radiographic)
have not yet developed. It is at this time
that intervention may have the greatest
potential for salvage of the bowel and
preservation of life.

Advance in Knowledge
nn The attenuation difference
between ischemic and perfused
bowel segments was significantly
greater on dual-energy 51-keV
CT images than on conventional
120-kVp CT images (P , .0001);
the ischemic bowel showed
higher contrast-to-noise ratios at
dual-energy CT than at conventional CT (contrast-to-noise
ratio, 4.9 vs 2.1, respectively; P
, .0001).
120

Potretzke et al

Dual-energy CT is particularly useful
for situations in which subtle differences
in contrast enhancement may have important clinical implications. The attenuation of iodine is dependent on energy
and increases at lower energy levels (approaching the K-edge of iodine) because
of the predominance of the photoelectric
effect (9,10). Therefore, iodine-containing tissue (ie, perfused) is hyperattenuating compared with noniodine-containing
(ie, nonperfused) tissue at lower energy
levels but not at higher energy levels
(11,12). There is greater attenuation
difference between perfused and nonperfused tissue at lower energy levels,
resulting in improved conspicuity of hypoenhancing tissue.
Another important advantage of
dual-energy CT compared with conventional CT is the ability to create a map of
material pairs, such as iodine and water,
because of the markedly different absorption spectra of soft tissue and iodine.
In addition, virtual monospectral images
at a single kiloelectron volt level near the
K-edge of iodine can be created from a
dual-energy CT data set to increase sensitivity to iodine. Despite the increasing
use and accessibility of dual-energy CT
technology, investigation of dual-energy
CT for the diagnosis of bowel ischemia
has been limited. The purpose of our
study was to compare dual-energy CT
to conventional CT for the detection of
small-bowel ischemia in an experimental
animal model.

Animal Preparation
The study protocol was approved by the
animal care and use committee of our
institution and the study was performed
in accordance with the Guide for Care
and Use of Laboratory Animals issued

nn Dual-energy CT may improve
early detection of bowel ischemia
by increasing the conspicuity of
hypoenhancing bowel segments
on low–kiloelectron volt and
iodine material density images.

Induction of Bowel Ischemia
The study was performed between
January 31, 2013 and May 23, 2013.
Surgical induction of bowel ischemia
was performed with the animal on the
CT scanner bed. Eight total segments
of ischemia were induced, two in each
animal. With the abdomen open, an
approximately 10-cm segment of small
bowel was selected and exteriorized.
Then, the distal mesenteric arteries
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Materials and Methods

Implication for Patient Care

by the National Research Council (13).
Four female domestic swine (mean
weight, 68 kg) were used for this study
(University of Wisconsin Agricultural
Research Station, Arlington, Wis). Before administration of anesthetic, sedation was achieved with 7 mg/kg of intramuscularly administered tiletamine
hydrochloride and zolazepam hydrochloride (Telazol; Wyeth, Fort Dodge, Iowa)
and 2.2 mg/kg of xylazine hydrochloride
(Xyla-Ject; Phoenix Pharmaceutical, St
Joseph, Mo). Endotracheal intubation
was performed in the standard fashion,
facilitated by administration of 0.05 mg/
kg of atropine (Phoenix Pharmaceutical). Anesthesia was then induced and
maintained with 2% inhaled isoflurane
(Halocarbon Laboratories, River Edge,
NJ) to effect. Animals were placed in
a supine position on the bed of a CT
scanner. Once the animals were anesthetized, laparotomy was performed via
a vertical midline incision.
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and veins supplying and draining this
segment were ligated en bloc with a single surgical suture through the mesentery (Fig 1). This resulted in complete
occlusion of the arterial inflow and the
venous drainage of this segment. Then,
the bowel was returned to the abdomen. The two segments in each animal
were chosen from separate quadrants
of the abdominal cavity.
The efficacy of our technique of ischemia induction was confirmed in our
early animals by means of pre- and postligation ultrasonography (US) (Fig 2).
We obtained color- and pulsed-wave
spectral Doppler US images with the
transducer (and a small amount of coupling gel) placed directly on the bowel
segment in transverse and longitudinal
planes. A US unit (Acuson S2000; Siemens Medical, Malvern, Pa) with an
L18 probe at 15 MHz was used with
settings selected for superficial soft-tissue imaging (breast imaging presets).
Sonographically detectable blood flow
was documented in the bowel wall before the induction of ischemia. Immediately after the mesenteric ligation, the
absence of blood flow was documented
in the same bowel segments. Visual
inspection after induction of ischemia
also was considered to be confirmatory
of ischemia, because the bowel tissue
developed visible duskiness at approximately 1–2 minutes after ligation.

CT Data Acquisition
Each swine underwent contrast-enhanced CT less than 15 minutes after
the induction of bowel ischemia. CT
scanning was performed with a singlesource unit that could scan in dual-energy mode with rapid switching between
80 and 140 kVp or in a conventional
mode, with a single 120-kVp beam image (Discovery 750 HD; GE, Waukesha,
Wis). The scanning mode was quickly
switched between dual-energy mode
and conventional mode. Simulated
monoenergetic and iodine material density images were created from the 80and 140-kVp data sets by means of basis
pair material decomposition by using
the scanner’s quantitative dual-energy
CT data processing technology (Gemstone Spectral Imaging, GE). Simulated
Radiology: Volume 275: Number 1—April 2015
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Figure 1

Figure 1: Photograph of segment of swine small bowel after placement
of suture through mesentery to ligate distal mesenteric arteries and veins
supplying and draining this bowel segment. Duskiness of ischemic segment
relative to perfused segment indicates early ischemia.

Figure 2

Figure 2: Color Doppler US images before and after induction of ischemia. Normal color flow is seen in
bowel wall on (a) preinduction image but is absent on (b) postinduction image.
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monoenergetic images were available in
1-keV increments between 40 and 140
keV on the scanner workstation.
Each animal was imaged with both
dual-energy and conventional 120-kVp
CT in a crossover design. Animals 1
and 3 underwent conventional 120-kVp
scanning in the portal venous phase
and immediate dual-energy scanning
in the late portal venous phase. Animals 2 and 4 underwent dual-energy
portal venous phase scanning and then
immediate late portal venous phase
conventional 120-kVp scanning. Portal
venous and late portal venous scanning
was performed at approximately 70
and 100 seconds after contrast material administration, respectively. This
design allowed direct comparison of
conventional and dual-energy scanning
without bias in the imaging timing.
We limited our data collection to
the portal venous phase on the basis of
the results of an earlier pilot study (14)
that included the arterial, portal, and
delayed phases. In that study, conspicuity of the ischemic bowel segments was
high in the portal venous and delayed
phases compared with that in the arterial phase. The portal venous phase is
the most common phase of acquisition
for clinical abdominal CT.
In each animal, a total volume of
125 mL of iohexol at a concentration
of 300 mg of iodine per milliliter (Omnipaque 300, GE Medical) was injected
at a rate of 5 mL/sec. After scanning
was complete, animals were sacrificed
by using an intravenous injection of 0.2
mL/kg of 390 mg/mL of pentobarbital
sodium and 50 mg/mL of phenytoin
sodium
(Beuthanasia-D;
ScheringPlough, Kenilworth, NJ).

Image Analysis
Images were reviewed by using an
image viewer (Gemstone Spectral
Image Viewer; GE Medical). Images
acquired in dual-energy mode were
reconstructed on the workstation at
monochromatic viewing energy levels
of 51, 65, and 70 keV. The 65- and
70-keV energy levels were chosen because they approximate the spectral
center of a 100–120-kVp polychromatic beam. Iodine material density
122
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images also were created from the dual-energy data for each animal. Images
acquired in conventional mode were
reviewed on the same workstation.

Statistical Methods
Small regions of interest (ROIs) were
manually placed on the bowel wall of
the ischemic and adjacent perfused
segments by a single observer (T.A.P.,
with 4 years of experience) who established a method in consensus with
a second observer in the pilot study
(M.G.L., with 10 years of experience)
(Fig 3). One measurement was made
per segment. The ROIs were variable
in their shape and size due to the variability in the thickness of the bowel
wall and the degree of luminal distention. Both circular and oval ROIs were
used. A typical circular ROI had a diameter of approximately 8 mm and an
area of 50 mm2. Attenuation values (in
Hounsfield units) and iodine material
density (in milligrams of iodine per cubic centimeter) were recorded in the
ROIs. Standard deviations of attenuation values in the ROI were recorded
to represent image noise. Contrast-tonoise ratios (CNRs) were calculated for
each ischemic segment to quantify the
visibility of the ischemic segment relative to the perfused segment by using
the following equation: CNR = (AVPB
− AVIB)/[(SDPB + SDIB)/2], where AV
is the attenuation value, PB is the perfused bowel, IB is the ischemic bowel,
and SD is the standard deviation of the
attenuation value. The attenuation of
the bowel wall, iodine concentration
as calculated by using the quantitative
dual-energy CT technology of the scanner, and CNR were compared among
energy levels.
Summary descriptive statistical
measures were obtained for attenuation and CNR for ischemic and perfused segments for each energy level.
Linear mixed-effects models (15,16)
were used to model attenuation change
as a function of image energy as a fixed
effect, with a pig-dependent random
intercept term. The different energy
levels were considered as categorical
(instead of quantitative) variables. A P
value of less than .05 (two sided) was

Figure 3

Figure 3: Contrast-enhanced 51-keV monospectral CT image shows sample circular ROIs on bowel
wall of adjacent ischemic ( L3) and perfused ( L4)
segments.

considered to indicate a significant difference. Exploratory and diagnostic
plots were obtained to assess possible
violations in model assumptions. All
statistical graphics and models were
generated by using software (R 3.0.1;
[17]).

Results
There was no significant difference in
bowel wall attenuation or CNR between
portal venous and immediate late portal venous phases after administration
of contrast material (P = .47 and P =
.77, respectively). Therefore, these
data were analyzed together and both
were considered to be the portal venous phase. In general, the attenuation
difference between images of ischemic
and perfused segments was inversely
correlated with the dual-energy CT
energy reformatting (in kiloelectron
volts). The attenuation difference between ischemic and perfused segments
was greatest at 51 keV and was significantly higher than that on the conventional 120-kVp images (P , .0001).
The attenuation difference between
ischemic and perfused segments at 65
and 70 keV was lower than that at 51
keV and was not significantly different
from that on conventional CT images
(P = .15 and P = .46 respectively).
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Conspicuity of ischemic segments
was significantly greater on dual-energy
iodine material density and 51-keV images than that on conventional CT images (mean CNR in the portal venous
phase, 4.9, 4.3, and 2.1, respectively;
P , .0001) (Figs 4, 5). Despite the
similarity of the bowel wall attenuation
between conventional 120-kVp and 65and 70-keV monospectral reconstructions from the dual-energy data, the
CNR was greater for the 65- and 70keV images than for conventional 120kVp images (4.4, 4.1, and 2.1, respectively; P , .0005) due to the decreased
noise on the monospectral 65- and 70keV images compared with that on the
conventional images. Additional attenuation data are summarized in the Table.
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Figure 4

Discussion
The diagnosis of small-bowel ischemia
remains challenging, especially early in
its course when late findings of bowel infarction such as pneumatosis and portal
venous gas have not yet appeared. The
correct diagnosis of early bowel ischemia and subsequent appropriate surgical referral are often dependent on the
radiologist’s ability to recognize subtle
findings on conventional CT images.
In this study, we showed that dualenergy CT significantly increased bowel
wall attenuation differences between
perfused and ischemic segments compared with those of conventional CT,
and thereby improved the conspicuity
of segmental bowel wall hypoenhancement. The attenuation difference between perfused and ischemic segments
on 51-keV images was nearly double
that on the conventional 120-kVp images. The attenuation difference on
conventional CT images was nearly
equivalent to that at 65 and 70 keV
based on mean attenuation values and
the lack of statistically significant differences among these groups. This was
not surprising, because the spectral
center of a conventional 120-kVp polychromatic beam is at approximately
65–70 keV. CNR also improved significantly with the use of dual-energy CT
owing to this improved contrast and to
decreased noise. The quantification of
Radiology: Volume 275: Number 1—April 2015
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Figure 4: Axial and coronal contrast-enhanced CT images in early and late portal venous phases show
ischemic segment of swine small bowel in right lower quadrant (arrows) that is less conspicuous on, A,
single-energy conventional 120-kVp image, than on, B, dual-energy image reconstructed at virtual monoenergetic 51-keV, and, C, iodine material density image. D, Perfusion color map was also created from
dual-energy CT data set and shows perfused bowel in gold, a color that is absent from ischemic segment
(Fig 4 continues).

iodine in the bowel wall (iodine material density), a technique only available
when scanning with dual-energy CT,
also allowed for significant improvement in the conspicuity of ischemic
segments compared with that with
conventional scanning.
The improved conspicuity of segmental bowel wall hypoenhancement
at dual-energy CT reduced the subtlety of what recently was shown to
be the most accurate sign of intestinal
ischemia. In a study (8) of 44 patients
treated surgically for small-bowel obstruction, segmental bowel wall hypoenhancement showed sensitivity of
78% and specificity of 96% for ischemia when images were reviewed retrospectively. Seven cases of surgically
proven bowel ischemia were missed

radiology.rsna.org

at prospective interpretation, and in
three of these cases, segmental bowel
wall hypoenhancement went unrecognized. The increased conspicuity of
bowel wall hypoenhancement with dual-energy CT could result in improved
visibility of the ischemic bowel and
higher radiologist confidence.
Previous authors (18–21) have suggested potential applications of dualenergy CT for the evaluation of bowel
abnormalities, most commonly for the
detection of hyperemia in patients with
inflammatory bowel disease. De Cecco
et al (22), in their review of oncologic
applications of dual-energy CT, included
one case of bowel ischemia imaged with
dual-energy CT that showed improved
visibility of bowel wall hypoenhancement on the iodine map. Our results
123
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Figure 4 (continued)

Figure 4 (continued): Coronal reformatted images of the same segment are shown on, E, conventional
120-kVp, F, virtual monoenergetic 51-keV, G, iodine material density, and, H, perfusion color map reconstructions. In this case, dual-energy imaging was performed after conventional imaging, which accounts for
difference in contrast agent distribution. Half of the animals were imaged in this order, and the other half
were imaged with dual-energy CT in the earlier phase and conventional imaging in the later phase to account
for potential contribution of slight differences in contrast agent timing bowel wall attenuation.

supported the anecdotal observations
of these authors.
Authors of prior investigations
(23–25) demonstrated the utility of
dual-energy CT for the detection of
other hypoenhancing abnormalities
such as pancreatic adenocarcinoma
and hypovascular liver lesions. These
studies have shown that the conspicuity of hypoenhancing lesions is increased relative to adjacent normally
enhancing tissue when dual-energy
CT is used. The increased conspicuity
is due to the higher attenuation of the
adjacent normally enhancing liver and
pancreas at lower viewing energies
and the resultant larger attenuation
differences. Despite the increasing
use and accessibility of dual-energy CT technology, investigations of
124

potential applications for bowel ischemia remain limited to date.
Dual-energy CT also could add value
in the diagnosis of hemorrhagic bowel
infarction. In hemorrhagic infarction,
which is seen more often with venous
occlusion, the bowel wall attenuation
may be high on unenhanced CT images
due to the presence of blood (26,27).
On a conventional contrast-enhanced
image, if no unenhanced sequences
were performed, it is difficult to determine whether high attenuation in the
bowel wall is due to blood or normal
contrast enhancement. Dual-energy CT
not only has the capability of creating a
virtual unenhanced series but also can
allow separation of iodine from other
materials, such as blood (28). A dual-energy CT scan could allow differentiation

between hemorrhage and iodine in the
bowel wall. The possibility of creating
a virtual unenhanced series would not
only be helpful for troubleshooting, as
in the case of hemorrhagic infarction,
but also could obviate a precontrast
series in patients suspected of having
mesenteric ischemia when the burden
of arterial atherosclerotic disease also
must be evaluated.
Limitations of our study included
the relatively small number of animals imaged, although in comparison
tests, the data were sufficient to allow
detection of the most notable differences (51 keV vs 120 kVp). The study
may have been underpowered for detection of differences between other
groups (65 or 70 keV vs 120 kVp), but
if additional samples would have revealed statistical differences between
these other groups, it is unlikely that
those differences would have been significant based on their relatively small
magnitude (, 10 HU). Our examinations were performed exclusively with
a single-source fast-switching dualenergy scanner, although we believe
similar results would be achievable
with a dual-source scanner. We did
not give animals positive oral contrast
agents, which are used in many centers for abdominal imaging. Although
positive oral contrast agents might
limit the potential benefit of scanning
with dual-energy CT for bowel evaluation, a negative oral contrast agent
could allow further improvement in
detection of the ischemic bowel with
dual-energy CT.
In clinical practice, the performance of dual-energy CT for the detection of bowel ischemia may be
influenced by several factors including
scanner and software availability and
radiologist familiarity with the technique. When bowel ischemia is clinically suspected, images must be obtained and interpreted emergently, and
dual-energy CT processing and viewing
time may slightly increase turnaround
time for results.
In summary, the use of dual-energy
CT may help improve early detection
of bowel ischemia by increasing conspicuity of underperfused tissues on
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Figure 5

Figure 5: Axial contrast-enhanced CT images show an ischemic segment of swine bowel in the right upper quadrant (arrows). This hypoperfused segment is less
conspicuous on, A, conventional 120-kVp, B, 70-keV, and C, 65-keV images than on, D, 51-keV, and, E, iodine material density images. F, Perfusion color map shows
absence of gold color in wall of ischemic segment, which is indicative of underperfusion. This image was obtained in early delayed phase, and although these data
were not used for our analysis, conspicuity differences are well demonstrated.

Mean Attenuation and Iodine Concentration, Attenuation Difference, Noise, and CNR of Ischemic and Perfused Bowel Segments
Iodine Concentration (mg/cm3 )
Image Type
Iodine material density
51 keV
65 keV
70 keV
120 kVp conventional

Attenuation (HU)

Ischemic

Perfused

Difference

Ischemic

Perfused

Difference

Image Noise (HU)

CNR

6.4 6 2.4
...
...
...
...

23.5 6 6.4
...
...
...
...

17.1
...
...
...
...

...
57.4 6 8.6
39.4 6 10.5
38.1 6 10.1
38.2 6 13.1

...
149.1 6 27.4
94.4 6 12.5
83.9 6 11.3
85.8 6 10.8

...
91.7
55.0
45.8
47.6

3.1 6 0.7
20.4 6 3.8
12.2 6 2.3
11.1 6 1.6
22.7 6 4.2

4.9 6 1.6
4.3 6 1.8
4.4 6 1.8
4.1 6 1.7
2.1 6 0.6

Note.—Unless otherwise indicated, data are means 6 standard deviation.
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low–kiloelectron volt and iodine material density images. Additional investigation of dual-energy CT is warranted
in humans, ideally in a prospective
fashion, to evaluate its potential to
improve the sensitivity and specificity of CT for detection of early smallbowel ischemia.
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