Original Article

Fused monochromatic imaging acquired by single source dual
energy CT in hepatocellular carcinoma during arterial phase: an
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Objective: To explore whether single and fused monochromatic images can improve liver tumor detection
and delineation by single source dual energy CT (ssDECT) in patients with hepatocellular carcinoma (HCC)
during arterial phase.

Methods: Fifty-seven patients with HCC who underwent ssDECT scanning at Beijing Cancer Hospital
were enrolled retrospectively. Twenty-one sets of monochromatic images from 40 to 140 keV were
reconstructed at 5 keV intervals in arterial phase. The optimal contrast-noise ratio (CNR) monochromatic
images of the liver tumor and the lowest-noise monochromatic images were selected for image fusion. We
evaluated the image quality of the optimal-CNR monochromatic images, the lowest-noise monochromatic
images and the fused monochromatic images, respectively. The evaluation indicators included the spatial
resolution of the anatomical structure, the noise level, the contrast and CNR of the tumor.

Results: In arterial phase, the anatomical structure of the liver can be displayed most clearly in the 65-keV
monochromatic images, with the lowest image noise. The optimal-CNR monochromatic images of HCC
tumor were 50-keV monochromatic images in which the internal structural features of the liver tumors were
displayed most clearly and meticulously. For tumor detection, the fused monochromatic images and the 50-keV
monochromatic images had similar performances, and were more sensitive than 65-keV monochromatic images.
Conclusions: We achieved good arterial phase images by fusing the optimal-CNR monochromatic images
of the HCC tumor and the lowest-noise monochromatic images. The fused images displayed liver tumors and

anatomical structures more clearly, which is potentially helpful for identifying more and smaller HCC tumors.
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Introduction reconstruct any monochromatic image from 40 to 140 keV.

Computed tomography (CT) is one of the most important Monochromatic images have reduced beam-hardening

modalities for hepatic tumors’ detection, diagnosis, staging effects, and the energy level can be further adjusted to

and treatment outcomes evaluation. The delineation of optimally reduce any remaining beam-hardening artifacts

the tumor must be sufficiently different from that of the (1,2). The attenuation of a material increases as its photon
adjacent liver parenchyma, which should be detected by energy decreases (3). Materials with higher atomic numbers,
investigators. such as iodine, exhibit a much greater attenuation increase

Single source dual energy CT (ssDECT) imaging can as the photon energy decrease, which provide the basis
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for the greater attenuation separation between tumor
and liver parenchyma in the enhanced arterial phase (4).
Monochromatic images are of excellent image quality,
offering high contrast-to-noise ratio. Various keV levels
of monochromatic images can detect various structures
including minute internal structures within a single
lesion (5,6). The clinical practice of ssDECT imaging
remains nascent, and some research focused on high-
quality tumor imaging (7-9), but the imaging quality of the
surrounding tissues is also very important for diagnosing.
Most of hepatocellular carcinomas (HCCs) show obvious
enhancement in arterial phase, which is very useful for
detecting and diagnosing (10). Unfortunately, we found that
the optimal monochromatic images for HCC tumors and
liver parenchyma were not at the same level.

The purpose of this study is to explore whether ssDECT
can improve liver tumor detection and delineation by
monochromatic CT images and fusion of monochromatic
images in patients with HCC during hepatic arterial phase.

Materials and methods
Patients

This study was approved by Institutional Review Board of
Beijing Cancer Hospital, and written informed consent was
obtained. From June 2010 to December 2011, fifty-seven
HCC patients who underwent contrast-enhanced ssDECT
scans at Department of Radiology, Beijing Cancer Hospital
were retrospectively enrolled in this study. There were
51 males and 6 females, with an age range from 23 to
78 years (mean age, 55.4=11.1 years). The size of the HCC
tumors ranged from 0.6 to 18.4 cm, with an average size
of 4.2 cm. The patients’ body mass indices (BMIs) ranged
from 17.60 to 24.01 (mean, 20.02+1.57).

Imaging technique

All of the patients underwent plain CT scan and three
enhancement phase (arterial, portal, and delayphase) CT
scans with a single-tube, rapid dual kVp (80 and 140 kVp)
switching technique on a high-definition Discovery CT750
HD (GE Healthcare, Wisconsin, USA). The scan coverage
extended from the top of the diaphragm to the lower
border of the liver. The ssDECT scan was conducted using
the following parameters: helical scanning, a 0.8 s tube
rotation time, a 40 mm detector coverage, a pitch factor
of 0.985:1, and a 35 cm display field of view (DFOV). The
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examinations were at a moderate dose level [mean CTDI
(vol) =17.11 mGy]. A non-ionic contrast medium (300 mg I/mL
iohexol at a dose of 1.5 mL/kg) was injected through the
median cubital vein using a power injector at a rate of 3 mL/s.
The arterial-phase was performed 30 s after the injection. The
reconstruction thickness was 5 mm, with intervals of § mm.

Data processing

Twenty-one sets of monochromatic images from 40 to
140 keV were reconstructed at 5 keV intervals by AW
4.4 viewer software (GE Healthcare, Wisconsin, USA). The
optimal contrast-noise ratio (CNR) monochromatic images
of the liver tumor and the lowest-noise monochromatic
images of the liver were selected for image fusion by AW
4.4 volume viewer software.

The CT values of the tumor, liver parenchyma,
abdominal aorta and air around the abdominal wall were
measured in all twenty-one sets of monochromatic images
and fused images respectively. The contrast of the tumor
is a relative value which was defined as the CT value
difference between the tumor and liver parenchyma.
The CNR between the tumor and liver parenchyma was
measured using three types of imaging, including optimal-
CNR monochromatic images, lowest-noise monochromatic
images and fused monochromatic axial images. A circular
region of interest (ROI) with pixels ranging from 100 to
400 was placed onto various areas to measure the mean CT
values and image noise. The ROI was placed on the active
tumor (avoiding necrosis and hemorrhage area), the adjacent
normal liver parenchyma (avoiding blood vessels) and the
air space around the abdominal wall. The ROI was copied
from one image to another. The CNR was defined according
to the following formula: CNR =1 CTV,,—CTV,;|/SD,.
Where CTV,; denotes the liver active tumor’s CT value,
CTV,p denotes the CT value of the liver parenchyma
adjacent to the tumor in the same slice, and SD, denotes
the mean background image noise. The standard deviation
of the CT value of the air around the abdominal wall was
used as the mean image noise, SD,; (11).

Two radiologists with at least 10 years of experience
in abdominal CT independently performed a blinded
qualitative analysis of CT images. The criteria for image
grading were consensually established before the start of
image reading. The image quality of the liver tumor was
assessed with subjective scores on CT images, according
to the hepatic vessels and the liver structures of all three
image types. Each case was evaluated using scores of 1-5,
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Table 1 The subjective image quality score criteria for three types of imaging

Scores Tumor image quality Liver parenchyma image quality
5 Very sharp tumor boundary, redundant internal structure, Very sharp hepatic vascular structures with very clearly visible
and visible tumor vessels with more visible lesions internal structure of the liver parenchyma
4 Sharp tumor boundary with clear internal structure and Sharp hepatic vascular structures with clearly visible internal
visible tumor vessels structure of the liver parenchyma
3 Fairly sharp tumor boundary Fairly sharp hepatic vascular structures with visible internal
structure of the liver parenchyma
2 Less sharp tumor boundary Less sharp hepatic vascular structures with visible internal
structure of the liver parenchyma
1 Blurred tumor boundary with some small lesions that Blurred hepatic vascular structures with visible internal
were missed structure of the liver parenchyma

depending on the contrast of the tumor, the boundary of the
tumor, the internal structure of the tumor, the distinctness
of the tumor vessels, and the distinctness of the basic
structure of the liver parenchyma as the criteria shown in
Tuble 1. The scores of the optimal monochromatic images,
the lowest-noise monochromatic images and the fused
monochromatic images were compared at the same window

width, window level and FOV.

Statistical analysis

SPSS 13.0 software (SPSS for Windows, Ver.13.0; SPSS
Inc., Chicago, IL, USA) was used for the statistical
analyses. Paired Student’s #-tests and Wilcoxon signed-
rank tests were conducted to compare the background
noises, CNRs and subjective image scores from the optimal
monochromatic, lowest-noise level monochromatic and
fused monochromatic images. Bonferroni correction was
used for multiple comparisons. A two-tailed P value of
<0.05 was defined to be statistically significant. For each
parameter, an average score was obtained and used as the
subjective criterion for the evaluation of the image quality.
Interobserver agreement between the two reviewers
was calculated using Kappa statistics for data of the sum
subjective image scores.

Results

In all twenty-one monochromatic image sets, the contrast
among the HCC tumors and the adjacent liver parenchyma
increased when a set of monochromatic images was
selected at a lower keV level (Figure 1A). The lowest-noise
monochromatic image set was 65 keV based on the boxplot
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drawn by the SPSS software based on the data base of all
57 cases (Figure 1B). The liver parenchyma was displayed
most clearly in 65-keV monochromatic images. The
optimal CNRs of the liver tumor were obtained at 50-keV
monochromatic images based on the boxplot (Figure 1C),
which were quite similar to the optimal CNR keV level
for the liver tumor automatically generated by the viewer
software (Figure 1D).

Based on our results, 50-keV monochromatic image
set was the optimal CNR monochromatic image that
displayed the tumor and vascular structures, and 65-keV
monochromatic image set had the least noise among all of
the monochromatic images of the abdomen. Therefore,
these two sets were overlaid by the AW 4.4 volume viewer
software as the fused monochromatic image. The contrast
between the tumor and the liver parenchyma, the CNR
measurements of the liver tumor, the noise level, the
imaging scores and the numbers of detected lesions were
compared across these three types of images, including
50-keV monochromatic images, 65-keV monochromatic
images and fused monochromatic axial images. The results
are shown in 7able 2.

The largest difference in the CT values of the tumors
and liver parenchyma was found in 50-keV monochromatic
images. Furthermore, the difference in the CT values
between tumors and liver parenchyma in the fused
monochromatic images was significantly higher than that in
the 65-keV monochromatic images (P<0.001).

The least background noise was obtained from 65-keV
monochromatic images. There was a statistically significant
difference in the CNRs between the tumors and liver
parenchyma in all three types of images (P<0.001). The best
CNR was obtained from 50-keV monochromatic images,
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Figure 1 Different types of monochromatic imaging acquired by single source dual energy CT (ssDECT). (A) A graph showing that the
computed tomography (CT) value difference between the tumor and liver parenchyma was higher in lower keV monochromatic images. As
the X-ray energy of the monochromatic image increased, the contrast between the tumor and liver decreased; (B) a boxplot graph drawn by
SPSS software based on all the 57 cases” background image noise database, the standard deviation of CT value of background air region of
interest on the monochromatic images. The 65-keV monochromatic image set was the lowest-noise monochromatic image of the abdominal
images, according to the graph; (C) a boxplot graph showing the contrast-noise ratio (CNR) of the active hepatocellular carcinoma (HCC)
on monochromatic images during the hepatic arterial phase. The CNR of the liver tumor was the highest at 50 keV; (D) the optimal CNR
keV level of HCC that was automatically given by the viewer software was very similar to the highest CNR keV, as shown in (C).

Table 2 An image quality analysis results of the three types of imaging
50-keV monochromatic image 65-keV monochromatic image Fused monochromatic image P

Contrast* (HU) 52.02+42.89 24.52+24.70 38.38+33.71 <0.001
Noise (SD,) 7.92+1.60 5.12+1.26 6.52+1.42 <0.001
CNR 7.35+5.90 5.68+5.21 6.69+5.60 <0.001
Subjective imaging score® 3.46+0.08 3.90+0.10 4.53+0.10 <0.001
Number of detected lesions 242.00 234.00 242.00 -

* CT difference between the tumor and the liver parenchyma; *, the average subjective score of tumor image quality, the
distinctness of the basic structure of the liver parenchyma; CNR, contrast-noise ratio.
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Figure 2 A sixty-year-old male patient with hepatitis cirrhosis and HCC. Reconstructed images of the liver obtained with (A) a 50-keV/
monochromatic image, (B) a 65-keV monochromatic image and (C) a fused monochromatic image acquired by overlaying the 50-keV and
65-keV monochromatic images. (A) The 50-keV monochromatic image had the best CNR and the most obvious contrast between the
tumor and vessels; (B) the 65-keV monochromatic image had the least image noise. The liver parenchyma is detected finely and clearly; (C)
the fused monochromatic image clearly shows the tumor and liver parenchyma, with a higher CNR and less noise. HCC, hepatocellular

carcinoma; CNR, contrast-noise ratio.

Figure 3 A fifty-year-old male patient with HCC. Reconstructed images of the liver obtained by (A) 50-keV monochromatic imaging,

(B) 65-keV monochromatic imaging and (C) fused monochromatic imaging acquired by overlaying 50-keV and 65-keV monochromatic
images. The subjective image score of the fused monochromatic images (C) was the highest. These had the same ability to detect tumor
lesions as the 50-keV monochromatic images (A), which detected more lesions than the 65-keV monochromatic images (B). HCC,

hepatocellular carcinoma.

followed by the fused monochromatic images (Figure 2). that of 65-keV monochromatic images.

The Kappa value of the data from the two radiologists
is 0.745, indicating moderate agreement. There was a
statistically significant difference in the subjective image
quality scores across all three types of images, based on the
investigators’ judgment and analysis of the structural details
of the tumor and liver (P<0.001). The fused monochromatic
images had the highest score, which was slightly superior to

© Chinese Journal of Cancer Research. All rights reserved.

The liver tumor lesions were detected to the greatest
extent both in the fused monochromatic images and
50-keV monochromatic images. A total of 242 liver tumor
lesions were detected equally. Although 234 liver tumor
lesions were detected in 65-keV monochromatic images,
their lesion-detecting ability slightly inferior to that of the
former type of images (Figure 3).
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Discussion

All of the 57 HCC cases included in this study all showed
hypervascular characteristics with remarkable enhancement
during arterial phase in enhanced CT scans. Previous
studies using a dual-source CT scanner have demonstrated
that a low-tube-voltage (80 kVp) scan provides better
contrast and conspicuity than a high-voltage (140 kVp)
scan for detecting hypervascular liver tumors, because the
low-tube-voltage scan takes advantage of the attenuation
property of the iodinated contrast material at 80 kVp (12,13).
The attenuation value of the contrast material (e.g., iodine)
increases with the use of a low-voltage X-ray because of an
increased photoelectric effect, although the resulting image
contains more noise (14).

Single source dual energy spectral CT scans with a single-
tube, rapid dual kVp (80 and 140 kVp) switching technique,
which efficiently eliminates beam-hardening artifacts and
provides the monochromatic images. ssDECT imaging can
reconstruct a monochromatic image set at any keV level
from 40 to 140 keV. Various keV levels of monochromatic
images can detect various tissue characteristics and various
minute internal structures within a single lesion. In addition,
the 101 monochromatic image sets generated by the spectral
imaging provided the opportunity to select the optimal
energy level for the best CNR to display the liver tumors
(15,16). In our study, the monochromatic energy level of
50 keV achieved the best CNR for the liver tumors and
hepatic vascular structures, and 65 keV achieved the least
noise in the abdominal images. These are similar to the
results of the study by Matsumoto (17,18).

Our results indicate that the corresponding CNRs of the
HCC tumors and hepatic vascular structures are 9.34+0.92
at 50 keV, which is the highest CNR of all monochromatic
images. The CNR plays an important role in improving liver
CT imaging. Although 50-keV monochromatic image noise
was about 50% higher than the lowest-noise monochromatic
image noise (65-keV monochromatic image), 10 more
lesions were detected in 50-keV monochromatic images.
However, the liver parenchyma can’t be clearly displayed in
50-keV monochromatic images due to the increased noise,
and the subjective score was also lower than that of the
65-keV monochromatic images.

We fused the optimal CNR monochromatic image set
and the lowest-noise monochromatic image to acquire a
certain image set which can not only detect the liver tumor
lesions and hepatic vessels clearly, but also display the liver
parenchyma distinctly. 50-keV monochromatic images
and 65-keV monochromatic images were selected as the

© Chinese Journal of Cancer Research. All rights reserved.

Gao et al. Fused monochromatic spectral CT imaging for HCC

optimal CNR monochromatic images and the lowest noise
monochromatic images which can be overlaid as fused
monochromatic images by the AW 4.4 volume viewer
software. Our results indicate that even though the CNR
and noise of the fused monochromatic images were slightly
inferior to those of 50-keV monochromatic images, but
the fused monochromatic images had equal performances
to detect liver tumor lesions. Furthermore, the subjective
image scores of the fused monochromatic images (based on
the investigators’ judgment and analysis of the structural
details of the tumor and liver) were much higher than those
of 50-keV monochromatic images.

In general, the liver tumor image quality was significantly
improved in 50-keV monochromatic imaging. The
fused monochromatic images have the advantages of the
optimal CNR monochromatic images and the lowest noise
monochromatic images, as which can display the liver
tumors, vascular structures and liver parenchyma clearly and
simultaneously in the same CT images. In the future, this
advantage and the proportion of different images for fusing,
which also modify the general visual impression of the fused
image, should be investigated further (19,20).

Our study has several potential limitations. First, we
cannot find pathology evidence as gold standard for all of
the HCC tumors, so the true number of lesions was not
indicated. We calculated the number of the tumors mainly
based on the typical enhanced CT image features. Second,
this is a retrospective study. Most of the HCC tumors were
hypervascular lesions, which are significantly enhanced
during arterial phase. All arterial phases were acquired with a
fixed delay of 30 seconds, which is a routine scanning method
for abdomen in our department. It is probably not the best
way to do so. Third, we cannot compare monochromatic CT
images with conventional polychromatic energy CT images,
because the patients cannot be underwent these two CT
scanning mode at the same time.

In conclusion, monochromatic images can be obtained
using ssDECT, which can enhance the CT attenuation of the
iodine contrast media at certain lower keV levels. We achieved
high enough image quality by fusing the optimal-CNR
monochromatic images of the liver tumors and the lowest-
noise hepatic monochromatic images, which can display
the liver tumors and the anatomical structures more
clearly. The fused monochromatic images were helpful for
identifying more and smaller liver tumor lesions.
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