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Abstract

In a previous study, a phantom study of a contrast agent extraction system with computed tomography (CT) number and
raw-data-based electron density (ED) was described. The current study improved this system with monochromatic CT
(mCT) number and evaluated an anthropomorphic phantom for delineation of the contrast-enhanced region. Dual-energy CT
images were scanned with a tissue-equivalent phantom and an anthropomorphic phantom with an iodinated contrast agent
(1-130 mg/mL). The 40, 70, and 130 keV mCT images were reconstructed with 80 and 135 kV CT images. The contrast
agent was separated from other materials using the gradient of the mCT number (GmCT) and the threshold mCT numbers.
The system was analyzed using in-house software with Python. The evaluation of the accuracy for the contrast agent extrac-
tion was performed by measuring the ratio of the volume (ROV). The mCT number of the contrast agent and bone materials,
liver, and muscle in the tissue-equivalent phantom was obviously greater than —78 HU. The deviation of the mCT numbers
between bone materials in tissue-equivalent phantom and the contrast agent were larger than 8 HU. The GmCT was within
4.0 in the tissue-equivalent phantom and more than 6.0 in the contrast agent. The ROV was 0.97-1.00 at more than 1 mg/
mL contrast agent. Improved the contrast agent extraction system could be used for a patient’s CT image. It could extract
the iodinated tumor or lesion automatically. The contrast agent extraction system was improved by the mCT number. It is
expected to only extract the contrast-enhanced region automatically.

Keywords Monochromatic CT number - Dual-energy CT - Contrast agent

Introduction

Novel innovations in computed tomography (CT) technol-

ogy have made dual-energy CT (DECT) clinically appli-

cable for the automatic characterization of kidney stone
This work was presented in part at the 60th Annual Meeting & . . . . y
Exhibition of The American Association of Physicists in Medicine classifications, gout detection, and automatic bone removal
(AAPM), 2017. [1-3]. To improve tissue characterization, DECT provides
various information, such as the electron density (ED), effec-
tive atomic number, and monochromatic CT (mCT) number
based on exploiting the difference of the tissues that depend
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contrast for radiation diagnosis and radiotherapy treatment
planning [8-11].

Contrast agent unenhanced and enhanced CT has
been used for many clinical studies [12, 13]. In treatment
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planning, a contrast agent is used to delineate the normal
and the targeted structures. Usually, a water-soluble contrast
agent is washed out after scanned CT. Lipiodol, that is an
oily contrast agent and a mixed anticancer agent, can be
used for liver cancer. Our previous study showed the dose
enhancement caused by Lipiodol for liver cancer radiation
therapy [14]. We showed that the material assignment of the
contrast agent cannot be performed on a recent commercial
treatment planning device. Thus, it is necessary to extract
the targeted region. Previously, we reported a contrast agent
extraction system using the CT number and raw-data-based
ED [15]. We evaluated with a simplified acryl phantom. The
lower limit of the concentration of the contrast agent extrac-
tion was within 2 mg/mL.

Our objectives of the present study were to evaluate the
contrast agent extraction system with the anthropomorphic
phantom and to improve the accuracy of the contrast agent
extraction with new contrast agent extraction system with
the mCT number.

Materials and methods

Two phantoms were used in the current study, as shown in
Fig. 1a. One was a tissue-equivalent phantom model 062 M
(Computerized Imaging Reference Systems, Inc., Norfolk,
VA, USA). This phantom contained 10 different inserts
(muscle, liver, water, lung inhale, lung exhale, adipose,
breast, and bone materials. The other phantom was a mul-
tipurpose chest phantom (LUNGMAN N1; Kyoto Kagaku)
that the contrast agent (Omnipaque 300, GE Healthcare,
Princeton, USA) was inserted, as shown in Fig. 1b. Six-
teen different concentrations of iodinated contrast agent
(1-130 mg/mL) were positioned around the center of the
LUNGMAN phantom. DECT scans were performed with

(a)CT-ED phantom

(b) LUNGMAN with
contrast agent

Fig. 1 a Tissue-equivalent phantom model 062 M and b LUNGMAN
phantom with different concentrations of contrast agent
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a 320-detector CT scanner (Toshiba Medical Systems Cor-
poration, Japan). The tube voltages of DECT scan mode
is set as 80/135 kV. The tube currents were used 800 and
200 mA for 80 kV and 135 kV, respectively. The other scan
parameters were 1.0 s for rotation time and 400 mm for the
field of view.

mCT number measurement

The middle axial slice of DECT images was analyzed with
Imagel software package (National Institutes of Health,
USA). DECT could generate mCT images with sinogram of
high and low tube voltage. The mCT number was calculated
with a linear attenuation coefficient. The linear attenuation
coefficient p of material could be expressed in photoelec-
tric absorption and Compton scattering (excluding K-edge
effects) as

H(E) = a,fy(E) + af.(E), (1
where a;, and f,, are material constants and constants that
depend on the E that is photon energy in photoelectric
absorption. The a, and f, are material constants and con-
stants that depend on the £ in Compton scattering, respec-
tively [5]. This equation can be simplified as

H(E) = [ (pes Zog E) +£(pe) )

where p, is the rED number, and Z  is the effective atomic
number. Moreover, in DECT processing, the attenuation
coefficient is modified as

M(E) = p(Eym; + py(E)my,, (3
where u,(E) and u,(E) are the mass attenuations of the basis
materials a and b. The coefficients m, and m, are constants
that depend on two E values of photoelectric absorption and
Compton scattering, respectively. The mCT numbers were
derived from the mass attenuation coefficient as follows.

E)— u(E
ﬂ(E)water—y(E)m-,
where p(E), p(E)yr and u(E),;, are the mass attenuation

of each materials, water, and air The mCT images were
obtained at 40-130 keV in increments of 10 ke V.

The contrast agent extraction method

The contrast agent extraction system was built with Python
2.7. As shown in Fig. 2, this system contains several pro-
cesses. The mCT images at 40, 70 and 130 keV were
input and the threshold of the mCT number was used in
Step 1 to eliminate the lower mCT numbers such as lung
inhale, lung exhale, breast, and adipose. The detection of



Australasian Physical & Engineering Sciences in Medicine (2019) 42:819-826

821

Fig.2 The process of the auto-
matic contrast agent extraction
system with Python 2.7. The

Mono-energy CT
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beam-hardening artifact (DAT) was performed in Steps 2
because there were some beam-hardening artifacts (ATs)
at low-energy (40 keV). Here, the mCT image at 70 keV
was used, because the AT was smaller than that at 40 keV
and the differences between the theoretical and measured
mCT numbers in the contrast agent and the tissue-equivalent
phantom were small, which was shown in the past study
[16]. Using the DAT images, the region of ATs was elimi-
nated in mCT images at 40 and 130 keV in Steps 3. The
AT eliminated images were defined as artifact eliminated
mCT (aemCT) images. In Step 4, the deviation of the mCT
numbers (DmCT) between high energy (130 keV) and low
energy (40 keV) were calculated. Finally, the gradients of
the mCT (GmCT) numbers were calculated from the mCT
images at 40 and 130 keV in Step 5. For Step 4 and 5, the
contrast agent was extracted by using the difference of the
attenuation that depends on the materials and energies. At
each step, three-dimensional Gaussian filtering and median
filtering were used for denoising each image. After extrac-
tion of the contrast agent, the accuracy was evaluated by

measuring the ratio of the volume (ROV) between the CT
image and the contrast agent-extracted image. The ROV was
calculated by

Vext
ROV =

ref

where V., and V,; were extracted and reference the volume
of the contrast agent, respectively. Here, V., was the region
of the extracted contrast using the contrast agent extraction
system. The V., was measured using Image J. V,; was refer-
ence volume that included the contrast agent, that was 40 cc.

Results
Measured mCT numbers

The mCT numbers and DmCT in the CT-ED phantom, as
shown in Fig. 3. The mean-2SD (standard deviation) mCT
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Fig.3 a Measured mCT numbers in the tissue-equivalent phantom and b DmCT numbers in the tissue-equivalent phantom

numbers of the lung inhale, lung exhale, breast, and adipose
were <—211 HU at 40, 70, and 130 keV energies. How-
ever, the mean-2SD mCT numbers of the muscle, liver, bone
materials were larger than —55 HU at 40, 70, and 130 keV
energies. The mean-2SD DmCT numbers of the bone mate-
rials were larger than 301 HU.

Figure 4 shows the mCT numbers and DmCT in the
LUNGMAN phantom in which the contrast agent syringe
was inserted. The mean-2SD mCT numbers at all energies
and mean-2SD DmCTs of the contrast agent at 1-130 mg/
ml were larger than —73 and 8 HU, respectively. The
mCT numbers with lower energy were larger for the con-
trast agent. There is a strong correlation (r>0.99) between
DmCT and the concentration of the contrast agent.

Figure 5 shows the GmCTs in the tissue-equivalent phan-
tom and the LUNGMAN phantom. The GmCT values of the
lung (inhale), lung (exhale), liver, and muscle in the tissue-
equivalent phantom were smaller than 0 HU. Although the
GmCTs of the breast, adipose, trabecular bone, dense bone,
and higher density bone were more than 0 HU, these were
smaller than 3.7. However, the GmCTs in the contrast agent

@ Springer

at all concentrations were more than 6.0. The GmCTSs in the
contrast agent at 1-130 mg/ml were larger than that in the
tissue-equivalent materials.

Contrast agent extraction

As indicated in Section A, the mean-2SD mCT numbers of
the contrast agent at 1-130 mg/ml were greater than — 73
HU at 40, 70, and 130 keV energies, and the DmCT was also
greater than 8 HU at 40, 70, and 130 keV energies. There-
fore, the threshold values of the mCT and DmCT numbers
were — 100 HU and 0 HU at Steps 1 and 4. For Step2 of
DAT, the maximum AT value at a concentration of 130 mg/
ml was 2.1, and the beam-hardening AT at more than 2.1
in AT image was eliminated (Steps 3). From the result of
Fig. 5, the GmCT was within 4.0 with the tissue-equivalent
phantom and over 6.0 with the contrast agent at 1-130 mg/
ml. Thus, the threshold value used in Step 5 was 6.0. The
concentration of the contrast agent was assigned using the
correlation between the contrast agent concentration and the
mCT number, as shown in Fig. 4a. Figure 6 shows the mCT
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image at 70 keV and the iodine density image and the con-
trast agent extracted images from the LUNGMAN phantom
with contrast agent that the syringe filled with a contrast
agent at 10 and 20 mg/m. In the iodine density image, the
contrast agent is highlighted, but on the other hand the other
materials are not eliminated. For the contrast agent extracted
image, only the contrast enhanced region was extracted. The
accuracy of the contrast agent is shown in Table 1. The ratio
of the measurement to the actual diameter in the ROV was
0.97-1.00 with the contrast agent at 1-130 mg/ml.

Discussion

The mCT numbers for the contrast agent and the bone mate-
rials were higher at lower energies. The DmCT for the con-
trast agent and the bone materials was also larger than 0
HU. For high-density materials such as the contrast agent
and the bone materials, the photoelectric effect is dominant
interaction with low-energy radiation. The GmCT was more

than 6.0 in the contrast agent at 1-130 mg/ml, which was
significantly larger than tissue equivalent inserts that were
within 3.7. The attenuation of the iodine was larger than
those of tissue-equivalent inserts; thus, the difference of the
mCT number between the contrast agent and hose of tissue-
equivalent inserts was larger according to monochromatic
energies. Therefore, the DmCT and the GmCT are useful
for the extraction of the contrast agent. However, the beam-
hardening AT was a serious problem for mCT images. Yu
et al. reported that beam-hardening ATs were contained in
lower monochromatic energy images [17]. This evaluation
shows that the synthesized virtual monochromatic images
generated from the current DECT devices are not accurately
monochromatic. The beam-hardening AT of low-energy
images was reduced by using the DAT in Step 2 and 3.
Material decomposition with DECT data can create an
iodine density image that highlights the contrast agent and
contrast unenhanced image [18]. The contrast-enhanced
and -unenhanced images could help radiation diagnosis.
Although, Lasta et al. showed that the iodine map provided
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Fig.6 a mCT image at 70 keV, b reconstructed iodine density image and ¢ contrast agent extracted images in the LUNGMAN phantom that the

syringe filled with contrast agent at 10 and 20 mg/ml

Table 1 Limit concentration

mg/ml 1 2 3 4
accuracy of the contrast agent

5 6 7 8 9 10 20 40 60 9 130

ROV

098 098 098 098 099 0.99 0.99 0.98 099 0.99

1.00 099 1.00 0.99 1.00

a good visualization of pancreatic cancer, the iodine density
image cannot eliminate the bone materials [19]. Our contrast
extraction system could fully extract only the region contain-
ing the contrast agent.

The interobserver variability for the target delineation
could be a serious problem for radiation diagnosis and
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treatment planning [20, 21]. The previous system using CT
numbers and rED could extract the contrast agent at more
than 2 mg/ml with a simple acryl phantom inserted in the
contrast agent. In the current study, the contrast agent extrac-
tion system using the mCT numbers was created and evalu-
ated with the anthropomorphic phantom. The lower limit
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of the concentration of the contrast agent extraction system
was improved at more than 1 mg/ml. The contrast scale in
the mCT numbers was determined for air and water. The
contrast scales in the electron density and CT number were
smaller than the mCT numbers. Thus, the mCT numbers
are useful for contrast agent extraction at low concentra-
tion. From above, this improved contrast agent extraction
system could be useful for automatic extraction of a contrast-
enhanced tumor or other diseases in radiation diagnosis and
radiation treatment planning.

DECT reconstruction techniques would be different
according to vendors. For example, GE Discovery 7S0HD
and Revolution (GE Healthcare, Milwaukee, WI) can com-
bine the monoenergetic image reconstruction with a metal
AT reduction software (MARS). According to the vendor,
the MARS algorithm is designed to correct for extreme
beam-hardening ATs under severe low-signal conditions
owing to photon starvation. The accuracy of the contrast
agent extraction by beam-hardening ATs should be investi-
gated with any other vendor’s DECT system.

Conclusion

It is possible to detect and eliminate the beam hardening
artifacts and extract the contrast agent could be performed
by using mCT images at low and high energies. The contrast
agent extraction method could be used at contrast agent con-
centration 1 mg/mL or more, which was improved by com-
paring it with a previously developed system. The method
developed in this study would extract the contrast-enhanced
tumor or lesion within the human body automatically.
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