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Purpose: To evaluate the feasibility of using a commercially available 
clinical dual-energy computed tomographic (CT) scanner 
to differentiate the in vivo enhancement due to two simul-
taneously administered contrast media with complemen-
tary x-ray attenuation ratios.

Materials and 
Methods:

Approval from the institutional animal care and use com-
mittee was obtained, and National Institutes of Health 
guidelines for the care and use of laboratory animals were 
observed. Dual-energy CT was performed in a set of io-
dine and tungsten solution phantoms and in a rabbit in 
which iodinated intravenous and bismuth subsalicylate 
oral contrast media were administered. In addition, a sec-
ond rabbit was studied after intravenous administration 
of iodinated and tungsten cluster contrast media. Images 
were processed to produce virtual monochromatic images 
that simulated the appearance of conventional single-en-
ergy scans, as well as material decomposition images that 
separate the attenuation due to each contrast medium.

Results: Clear separation of each of the contrast media pairs was 
seen in the phantom and in both in vivo animal models. 
Separation of bowel lumen from vascular contrast medium 
allowed visualization of bowel wall enhancement that was 
obscured by intraluminal bowel contrast medium on con-
ventional CT scans. Separation of two vascular contrast 
media in different vascular phases enabled acquisition of 
a perfectly coregistered CT angiogram and venous phase–
enhanced CT scan simultaneously in a single examination.

Conclusion: Commercially available clinical dual-energy CT scanners 
can help differentiate the enhancement of selected pairs 
of complementary contrast media in vivo.
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minimize noise in material decomposi-
tion [9]) and, for in vivo experiments, 
if they were previously demonstrated 
to have an acceptable toxicity profile at 
enteric or intravenous administration.

Phantoms
Phantoms consisting of five different 
proportions (0:1, 1:3, 1:1, 3:1, 1:0 
vol/vol) of two contrast medium solu-
tions, 2% iohexol (Omnipaque 350; 
GE Healthcare, Princeton, NJ) and 58 
mmol/L sodium tungstate solution (di-
hydrate, 99%; Sigma-Aldrich, St Louis, 
Mo), were prepared in 1.5-mL poly-
propylene tubes. These concentrations 
were selected to generate equal CT at-
tenuation at (monoenergetic) 80 keV.

Animals
Approval from the institutional animal 
care and use committee was obtained, 
and National Institutes of Health guide-
lines for the care and use of laboratory 
animals were observed.

Two New Zealand white rabbits 
(weight, 3.7 and 4.6 kg) were anesthe-
tized with 35 mg/kg ketamine (Ketaset, 
Fort Dodge Animal Health, Fort Dodge, 
Iowa) and 3 mg/kg xylazine hydro-
chloride (Spectrum, New Brunswick, 
NJ) and maintained under anesthesia 
with inhaled isoflurane (Summit Anes-
thesia Equipment, Foster City, Calif). 

to differentiate uric acid deposits from 
calcium and to determine the composi-
tion of urinary stones (5,6).

A natural extension of this technol-
ogy is the use of dual-energy CT to dif-
ferentiate two or more simultaneously 
administered contrast media. This has 
been demonstrated in separate com-
partments in a phantom (7) and in a 
preserved mouse carcass with use of 
an experimental desktop spectroscopic 
scanner (8) but has not been shown in 
vivo with a clinical scanner. Notably, 
current clinically available contrast me-
dia for CT are based on iodine or bar-
ium, which are difficult to differentiate 
with clinical dual-energy CT scanners 
owing to the similarity in the attenu-
ation ratios of these agents (8). How-
ever, other contrast medium combina-
tions are amenable to differentiation. 
The purpose of our study was to eval-
uate the feasibility of using a commer-
cially available clinical dual-energy CT 
scanner to differentiate the in vivo en-
hancement due to two simultaneously 
administered contrast media with com-
plementary x-ray attenuation ratios.

Materials and Methods

B.M.Y. is a consultant for GE Health-
care; J.M., who has no direct relation-
ship with GE Healthcare, had access 
to all data and control over which data 
were included in this study.

Contrast Media
Iodinated contrast media were used for 
all experiments. Contrast media with 
complementary attenuation ratios were 
chosen to satisfy the requirement of 
having a substantially different attenu-
ation ratio from that of iodine (so as to 

Recent improvements in clinical du-
al-energy computed tomographic 
(CT) scanners have enabled the 

rapid and simultaneous acquisition of 
images at two different tube potentials 
(kilovolt peaks) in a single scan (1). 
These scanners use either two separate 
x-ray tube-detector arrays or a single x-
ray tube that rapidly switches potential. 
A powerful benefit of dual-energy CT 
is the ability to determine the material  
composition of imaged objects. Indi-
vidual materials have fixed ratios of 
their x-ray attenuation coefficients be-
tween high and low tube potentials (eg, 
140 and 80 kVp), which is referred to 
herein as the attenuation ratio. In par-
ticular, soft tissue or water is readily 
differentiated from an iodinated con-
trast medium owing to the marked dif-
ference in their attenuation ratios.

Dual-energy material decompo-
sition has been exploited for several 
single-agent iodinated contrast me-
dium–enhanced clinical applications, 
including pulmonary perfusion imaging 
for improved detection of pulmonary 
emboli (2), dual-energy CT angiography 
to differentiate the lumina of vessels 
from adjacent densely calcified plaques 
that might have similar attenuation 
values (Hounsfield units) at conven-
tional CT (3), and virtual unenhanced 
imaging performed by removing the 
attenuation due to a contrast medium 
(4). Dual-energy CT has also been used 

Implication for Patient Care

 n Further development and U.S. 
Food and Drug Administration 
approval of contrast media with 
complementary x-ray attenuation 
ratios may enable x-ray dose re-
duction in multiphase studies and 
improved diagnosis in positive 
intraluminal bowel contrast 
studies.

Advances in Knowledge

 n Clinical dual-energy CT scanners 
can help differentiate two simul-
taneously administered contrast 
media with complementary x-ray 
attenuation coefficient ratios in 
vivo.

 n Dual-energy CT with complemen-
tary oral and intravenous con-
trast media can depict bowel wall 
enhancement without interfer-
ence from intraluminal bowel 
contrast material.

 n Dual-energy CT with serially 
injected complementary intrave-
nous contrast media can be used 
to acquire multiphase studies in 
a single scan.
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These substitute decomposition bases 
would cause systematic error in quan-
titative measurements of tungsten or 
bismuth concentration but do not sub-
stantially affect the appearance of the 
material density maps.

Results

Dual-energy CT images of the phantom 
vials containing different concentra-
tions of tungsten and iodine are shown 
in Figure 1. Although the attenuation of 
the vials is similar on virtual monochro-
matic CT images, which simulate the 
appearance of conventional CT scans, 
the material density maps from the 

and material density maps. The current 
version of this software is limited to 
working with basis material definitions 
that do not have a k-edge between 40 
and 140 keV (Saad Sirohey, PhD [GE 
Healthcare], written communication, 
June 2012). Because the attenuation ra-
tio of tungsten is very similar to that of 
water, the water and/or iodine material 
decomposition basis was used for tung-
sten-iodine systems. For bismuth-iodine 
systems, an empirically determined 
pseudo-bismuth material with the same 
attenuation ratio as that of bismuth but 
with no k-edge was defined in the soft-
ware and water and/or pseudo-bismuth 
was used as the decomposition basis. 

Auricular vein catheters were placed. 
In the first rabbit, a 12-F pediatric 
feeding tube was passed into the stom-
ach, approximately 120 mL of bismuth 
subsalicylate (Pepto-Bismol; Procter & 
Gamble, Cincinnati, Ohio) was injected 
as a bolus through the tube, and the 
tube was removed; approximately 45 
minutes elapsed before imaging to allow 
time for transit of contrast medium into 
the small bowel. For the second rabbit, 
a tungsten cluster contrast medium 
was initially prepared according to the 
method of Bino et al (10). To improve 
solubility, the Na+ counter ion was 
replaced by a N-methyl-d-glucamine 
(NMG) ion with use of cationic ion-
exchange chromatography, yielding the 
product NMG+[(W3O2)(acetylate)9]

2. 
This was formulated as an injectable 
solution of 150 mg of tungsten per mil-
liliter and sterile filtered (0.2 mm). The 
tungsten cluster contrast medium was 
hand injected intravenously over ap-
proximately 5 seconds approximately 
10 seconds before iohexol injection so 
that the tungsten agent would be in the 
venous phase and the iodinated iohex-
ol in the arterial phase at the time of 
subsequent CT. In both rabbits, iohexol 
(600 mg of iodine per kilogram body 
weight) was hand injected intravenously 
over approximately 5 seconds immedi-
ately before CT.

Imaging
Imaging of phantoms and animals was 
performed with a Discovery CT750 HD 
unit (GE Healthcare, Milwaukee, Wis) 
in dual-energy (GSI) mode. Phantoms 
were scanned by using protocol GSI-6 
(medium filter, 1-second gantry rota-
tion time, 40-mm collimation). The 
first rabbit was imaged with protocol 
GSI-11 (medium filter, 0.8-second rota-
tion time, 40-mm collimation), and the 
second rabbit was imaged with proto-
col GSI-28 (medium filter, 0.8-second 
rotation time, 40-mm collimation). 
Scan data were postprocessed by using 
software (GSI Viewer, GE Healthcare). 
The “MD Analysis” application of this 
software was used to select the appro-
priate monochromatic energy level and 
material decomposition basis pair and 
generate virtual monochromatic images 

Figure 1

Figure 1: Images of tungsten-iodine solution phantoms rendered as, A, 
80-keV virtual monochromatic scan, B, water and tungsten density map, and, 
C, iodine density map. The uniform CT attenuation across all phantoms seen on 
virtual monochromatic CT scan (A) is resolved at dual-energy CT into opposing 
gradients of tungsten and iodine contrast with a distinctly different attenuation  
in each phantom. Quantitative data are derived from dual-energy CT and 
represent mean attenuation at 80 keV (A), mean concentration of water that 
would produce attenuation equivalent to that due to water and tungsten in each 
phantom (B ), and mean concentration of iodine in each phantom (C ).
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dual-energy CT scan demonstrate that 
each vial has a different concentration 
of tungsten and iodine.

The in vivo dual-energy contrast-
enhanced bowel and/or vascular CT 
images are shown in Figure 2. The vir-
tual monochromatic image shows the 
appearance of a typical enteric and vas-
cular contrast-enhanced study at con-
ventional CT: High-attenuation contrast 
media opacify both the bowel lumen 
and the vasculature, and the two con-
trast media are difficult to differentiate 
except by inference and context. Nota-
bly, the extent of bowel wall enhance-
ment due to iodinated intravascular 
contrast medium is obscured by enteric 
contrast medium where it has filled 
the bowel lumen. At dual-energy CT, 
the contrast media can be separated 
into iodine (intravascular) and bismuth 
(enteric intraluminal) material density 
maps. This separation enables bowel 
wall enhancement to be clearly identi-
fied despite the presence of the positive 
intraluminal bowel contrast medium.

Dual intravascular contrast is de-
picted in Figure 3. The virtual mono-
chromatic image shows contrast me-
dium throughout the vasculature. The 
material density maps demonstrate 
separation of the two contrast media 
used for scanning. Tungsten contrast 
medium, which was injected first, pro-
vides a venous phase–enhanced image, 
opacifying both the veins and arteries. 
Iodinated contrast medium, which is 
in the arterial phase but has not yet 
enhanced the visceral parenchyma or 
veins, provides an uncontaminated an-
giogram. There is near-perfect coregis-
tration between the angiogram and the 
venous phase image, as evidenced on 
the color composite image (Fig 3, D) by 
the absence of color fringing at the edg-
es of structures such as the bones that 
appear on both material density maps.

Discussion

Our preliminary phantom and in vivo 
animal model studies demonstrate that 
simultaneously administered pairs of 
contrast media with complementary x-
ray attenuation ratios can be readily dif-
ferentiated with current commercially 

Figure 2

Figure 2: Coronal dual-
energy thoracoabdominal 
images obtained in rabbit 
after administration of luminal 
enteric bismuth subsalicylate 
and iodinated vascular contrast 
material. Images are rendered 
as, A, 70-keV virtual monochro-
matic image, B, bismuth density 
map, C, iodine density map, and 
D, color composite of bismuth 
and iodine density maps. Note 
enhancement of small bowel wall 
visible on C and D but obscured 
by luminal contrast medium 
on A.

Figure 3

Figure 3: Coronal dual-energy 
abdominal CT images in rabbit 
examined simultaneously in the 
arterial phase with iodinated 
contrast medium and in the 
venous phase with a tungsten-
based vascular contrast medium. 
Images are rendered as, A, 
140-keV virtual monochromatic 
image, B, water and tungsten 
density map, C, maximum 
intensity projection iodine density 
map, and, D, color composite of 
maximum intensity projection 
tungsten and iodine density 
maps. Contrast media cannot be 
readily differentiated on image 
simulating conventional CT scan 
(A) but are clearly resolved as 
being in venous phase on B 
and in angiographic phase on 
C. Color composite image (D ) 
demonstrates excellent registra-
tion between images in the two 
simultaneously acquired phases.
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available dual-energy CT scanners. As 
proof of principle, our in vivo studies 
showed that a contrast medium in the 
bowel lumen can be differentiated from 
an intravascular agent, as may be de-
sired for CT enterography applications. 
We also showed that dual-energy CT 
may be used to image a pair of intravas-
cular agents injected at different times 
so that they are in different phases at 
the time of scanning.

Two primary advantages of per-
forming multiphase dual-contrast du-
al-energy CT rather than traditional 
single-contrast multiple-scan CT are 
reduced radiation dose and perfect im-
age registration. Although a single dual-
energy CT scan necessitates a slightly 
greater radiation dose than does a sin-
gle conventional CT scan of equivalent 
image quality, it typically employs sub-
stantially less radiation than two scans 
(11), yielding a net reduction in radi-
ation. A further drawback of conven-
tional thoracoabdominal multiphase CT 
studies is that peristalsis and slight dif-
ferences in positioning due to different 
depths of inspiration with breath holds 
result in visceral organs being in slightly 
different locations between the phases. 
Such differences complicate image reg-
istration, particularly for fine details. 
If multiple phases of enhancement are 
obtained simultaneously with dual-con-
trast dual-energy CT, such difficulties 
are eliminated.

The use of multiple simultaneously 
administered contrast media is a com-
mon practice with conventional CT but 
poses several problems. In particular, 
many radiologists are moving away 
from the simultaneous administration 
of positive oral and intravenous contrast 
media because oral contrast media ob-
scure crucial assessments of bowel wall 
enhancement (12) and prevent mean-
ingful volume-rendered or three-dimen-
sional rendering of the abdominopelvic 
vasculature. However, dual-energy CT 
with an appropriately selected pair of 
contrast media preserves the diagnos-
tic benefit of a positive bowel contrast 
medium without sacrificing evaluation 
of the vasculature and bowel mural 
enhancement. The ability to differen-
tiate enteric from intravenous contrast 

media may also have a particular appli-
cation in trauma imaging, where defin-
itive identification of any free contrast 
medium as enteric or intravenous en-
ables unequivocal diagnosis of hemor-
rhage or bowel perforation.

The key property of the contrast 
media pairs we selected is that they 
are distinguishable at dual-energy CT. 
This is determined by the difference 
between the ratios of the media’s high 
and low energy attenuation coefficients; 
the greater the difference, the more 
readily separable the materials are. The 
x-ray attenuation properties of a con-
trast medium are determined almost 
entirely by the heavy atom it incorpo-
rates. Three heavy atoms are used in 
contrast media in common clinical use: 
iodine, barium, and gadolinium. Iodine 
and barium have high, nearly identical, 
attenuation ratios and, therefore, can-
not be effectively distinguished from 
each other. Gadolinium has a substan-
tially lower attenuation ratio and can 
be differentiated from iodine or bar-
ium, but the x-ray attenuation of clini-
cal formulations of gadolinium contrast 
media is substantially lower than that 
of iodinated media, so high doses are 
necessary for equivalent opacification. 
High-dose gadolinium is an unattractive 
option owing to the cost and increased 
risk of nephrogenic systemic fibrosis 
(13).

The heavy atoms used in this in-
vestigation were selected because they 
have low attenuation ratios; thus, they 
are readily separable from barium and 
iodine. Most heavy atoms have rela-
tively high attenuation ratios, similar to 
that of iodine, because they have mono-
tonically decreasing attenuation across 
the diagnostic range of x-ray energies 
(approximately 40–140 keV). The ex-
ceptions are elements that have a k-
edge in this range. Because attenuation 
increases abruptly as energy increases 
above the k-edge, these elements have 
relatively increased attenuation at high-
er energy, resulting in lower attenuation 
ratios (14). From the candidates with 
appropriate attenuation properties, 
bismuth and tungsten were selected for 
their additional properties of low toxic-
ity compared with other heavy metals 

(15) and low cost. Other investigators 
are developing tantalum-based contrast 
media (14,16) with x-ray attenuation 
characteristics that are very similar to 
those of tungsten.

Our proof of principle study dem-
onstrates the simplest cases of multi-
ple-contrast-media dual-energy CT: two 
contrast media with visual separation of 
the dual-energy CT scan data into two 
material density maps. Future studies 
may determine the accuracy of contrast 
medium quantification and whether 
dual-energy CT or spectral CT may pro-
vide reliable images of more than two 
contrast media (17).

Our study has several limitations. 
This was an exploratory study to show 
that in vivo dual-energy CT with two 
contrast media is feasible with a clin-
ical dual-energy CT scanner. As such, 
the sample size was small. In addition, 
we did not attempt to determine the 
quantitative accuracy of dual-energy CT 
measurements of contrast media. The 
accuracy of dual-energy CT for contrast 
medium quantification remains under 
study. However, the vast majority of 
clinical CT focuses on qualitative rather 
than quantitative evaluations of con-
trast enhancement and anatomy, and so 
quantitative accuracy may not be crucial 
for clinical translation. Another limita-
tion is that human subjects were not 
studied. Because the imaging required 
for the methods described herein can 
be performed with any of the several 
available models of clinical dual-energy 
CT scanners, the principal challenge 
in bringing these methods into clinical 
use in humans is further development 
of the necessary contrast media. Cur-
rently, no U.S. Food and Drug Adminis-
tration–approved low-attenuation-ratio 
contrast media are available for human 
use.

In conclusion, our study shows that 
dual-energy CT with two contrast media 
can be used in vivo to provide high-spa-
tial-resolution, near perfectly registered 
images of two distinct phases or loca-
tions of enhancement of thoracoabdomi-
nal visceral anatomy in a single scan. We 
believe that the results presented herein 
justify continued study and development 
of low-attenuation-ratio contrast media, 
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and we are working to improve the tox-
icity profile of bismuth and tungsten-
based contrast media to carry them for-
ward into clinical usage.
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