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made available for materials discrimination in recent 
years1-3). The material density image is expressed using 
the different X-ray attenuation data obtained from two 
different materials. The most common material pair is 
iodine and water4, 5). A previous study showed that the 
iodine density value (IDV) correlated with the blood 
flow in a tumor, and the reduction of the IDV was 
associated with an increase in cancer cell population 
in the hypoxic microenvironment, which shows 
radioresistance6-8). In contrast, the water density value 
(WDV) in the tumor is presumed to reflect cell density 
and cell necrosis, and our previous study suggested that 
the reduction of WDV has a positive effect on overall 
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Dual energy-computed tomography (DE-CT) can discriminate between materials using 
the material density obtained by two types of X-ray energies. This study investigated the 
characteristics of the water density value (WDV) used as a prognostic indicator. WDV with 
any contrast medium concentration was measured using a bottled diluted contrast medium. In 
addition, we studied retrospective reviews of 117 patients who underwent DE-CT between 2013 and 
2018 and compared them with WDVs before and after contrast enhancement (CE). The WDVs 
were obtained from the abdominal aorta and superior vena cava. In the ex-vivo study, the WDV 
decreased slightly by of 0-10% contrast medium concentration, however, it increased gradually 
above 10%. The number of patients whose WDV of the CT image increased after CE-CT were 28 
in the arteries and 50 in the veins. The results suggested that the concentration of the contrast 
medium was over 10% in arteries and veins. The differences between WDVs in arteries and veins 
obtained from CT images were very small, with or without CE. Therefore, it was revealed that 
WDV was less affected by the difference in arteries and veins, or by using contrast medium.
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1.  Introduction

Dual energy-computed tomography (DE-CT) acquires 
two X-ray energy datasets from the same anatomic 
location with different tube voltage by a combination 
of two pairs of X-ray tubes and detectors, and rapid 
switching of low or high tube voltage. Gemstone spectral 
imaging (GSI) is the application of DE-CT that has been 
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survival after radiotherapy9). Therefore, the IDV and the 
WDV obtained from dual energy of X-rays enable us to 
estimate the quantitative assessment of tumor invasion 
and the prediction analysis of patient prognosis9, 10). 
However, some issues need to be resolved to use the 
WDV as a prognostic indicator. For instance, in contrast 
enhanced (CE)-CT, WDV of tissue may be affected by 
iodine contained in the contrast medium. In addition, 
there were few clinical applications using WDV, most 
recently, only reported that WDV can be used to detect 
bone marrow edema11).

In this study, to identify the characteristics of the WDV 
as a prognostic indicator, we investigated whether the 
contrast medium or, the difference between arterial blood 
and vein blood, affects WDV.

2.  Materials and Methods

Scanning procedure
Discovery CT750 HD (GE Healthcare, USA) was used 
for DE-CT. A fast kV switching method was used for 
CT imaging. Omnipaque 350 (GE Healthcare, USA) and 
Iopamiron 300 (Bayer Yakuhin, Ltd., Japan) were used 
as a nonionic, low-osmolar contrast medium, and the 
concentration 600 mg I per kg body weight, with an iodine 
content of 300 or 350 mg I/ml. The contrast medium with 
an iodine content of 300 mg I/ml was used in the ex-vivo 
study, and 300 and 350 mg I/ml were used in the clinical 
study.

Evaluation of  water density value for contrast medium 
concentration change
Low-osmolar contrast medium 300 (mg I/ml) was 
diluted with distilled water to concentration 0, 1, 3, 5, 
7, 9, 10, 20, 30, 40, 50, 70, 90 and 100%. Mixtures with 
adjusted concentrations were enclosed in a polyethylene 
container with a capacity of 50 ml (Fig. 1), and scanning 
was performed under conditions of a tube voltage of 80 
and 140 kVp and a tube current of 360 mA in air. The 
bottled diluted contrast medium was placed at 2 cm 
interval and scanned continuously. The scanned CT 
images were transferred to a workstation (GSI Viewer, 
GE Healthcare, USA) for data analysis. Data analysis was 
performed using Advantage Workstation (AW) volume 
share 5 software (GE Healthcare, USA) with a slice 
thickness of 5.0 mm. The region of interest (ROI) was set 
in the center of the mixture, and the mean WDV in the 
ROI was acquired. The relationship between the mean 
WDV and contrast medium concentration was shown by 
4-parametric logistic curve.

Patients’ characteristics
From 2013 to 2018, 117 patients with medically inoperable 
lung cancers who underwent DE-CT were retrospectively 
reviewed. CE-CT scanning was performed with nonionic, 
low-osmolar contrast medium, and the dose of the 
contrast medium was 600 mg I per kg body weight. The 
total amount of contrast medium was intravenously 
injected within 30 s. The scan was started 25 s after 
initiating the injection of contrast medium. The CT 
images of plain CT and CE-CT imaging were transferred 

Fig. 1.  The bottled diluted contrast medium. A total of 50 ml 
polyethylene container was used. A nonionic, low-osmolar contrast 
medium 300 (mg I/ml) was mixed with distilled water, and 30 ml each 
was enclosed in the container. The bottled diluted contrast medium was 
placed at 2 cm intervals to prevent artifact and scanned continuously.

Fig. 2.  Evaluation of WDV for contrast medium concentrations of 
0-100%. Data are shown as mean ± standard deviation.
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to a workstation and were subjected to data analyses with 
AW volume share 5 software. The slices used for data 
analysis had a thickness of 0.625 mm. After setting the 
ROI of the abdominal aorta and superior vena cava CT 
image including no vessel wall using a pulmonary window 
(window width: 1,000 HU; window level:－700 HU), the 
WDVs were obtained for each scan. The WDV of the 
abdominal aorta and superior vena cava in the same 
patient were compared using plain and CE imaging in the 
same scan range, respectively.

Statistics
All statistical analyses were performed using Microsoft 
Excel 2016 (Microsoft Corporation) with the add-on 
software Statcel v4 (OMS Publishing, Saitama, Japan) for 
all patients as a group. The difference between the mean 
WDV in patients’ arteries and veins was assessed using 
Student’s t-test and Mann-Whitney test. Differences were 
regarded as statistically significant at a P-value of < 0.05. 
The effect size of statistical significance was calculated 
using Cohen’s d12). In this study, the effect size was 
considered as small at d ≤ 0.2, medium at 0.2 < d ≤ 0.5, and 
large at d ≥ 0.8, respectively.

3.  Results

Evaluation of  water density value for changes in contrast 
medium concentration.
To investigate the concentration of contrast medium 
af fecting the WDV, we measured the WDV with 
continuously changing contrast medium concentration. 
From 0-10% contrast medium concentration, the WDV 
tended to slightly decrease with increasing concentration 
(Fig. 2). In contrast, in over 10%, the WDV gradually 
increased in a concentration-dependent manner.

Evaluation of  water density for arteries and veins.
A total of 117 patients who underwent DE-CT between 
2013 and 2018 were reviewed for comparison of WDVs 
before and after contrast enhancement. The number of 
the patients whose WDV after contrast enhancement 
increased was 78 (28 in artery, 50 in vein) (Fig. 3A, B). As 
further investigation, we evaluated whether arteries and 
veins were distinguishable by measuring the WDV. The 
WDVs obtained from the artery and the vein in plain CT 
images were significantly different, 1,037 ± 12 and 1,032 ± 
12 (P < 0.01), respectively (Fig. 4A). In contrast, the WDVs 
obtained from the artery and the vein by CE-CT imaging 
were 1,030±15 and 1,035±62 (P = 0.50), respectively 
(Fig. 4B). In addition, the WDV obtained from the artery 
on CE-CT showed a statistically significant decrease 
compared with plain CT (P<0.01). The effect sizes were 
calculated for the WDV of arteries and veins obtained 
from plain CT imaging and the WDV before and after 
CE in the arteries. The effect sizes were d = 0.36 between 
the artery and vein and 0.61 between before and after CE 
in the arteries. These values were medium effect size, 
respectively13, 14).

4.  Discussion

This study investigated the characteristics of WDV as a 
prognostic indicator. When the concentration of contrast 
medium was less than 10%, the WDV slightly decreased 
in a concentration-dependent manner. However, the WDV 
was increased when the contrast medium concentration 
exceeded 10% (Fig. 2). Among the 117 patients, the 
number of patients who increased the WDVs after 
contrast enhancement was 28 in arteries and 50 in veins 
(Fig. 3). As further investigation, we evaluated whether 
the WDV obtained from DE-CT could identify arteries 

Fig. 3.  The comparison of WDVs between plain and CE-CT, A) in arteries, B) in veins.
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and veins with few differences in tissue components. 
The WDVs in arteries and veins obtained from plain CT 
imaging showed a statistically significant difference, but 
not CE-CT (Fig. 4). 

Our previous study revealed that the WDV in a tumor 
was negatively correlated with overall survival after 
radiotherapy and positively correlated with average CT 
values (CTV)8, 9). The WDV is also simply expressed 
by the subtraction between CTV and IDV, thereby 
decreasing the WDV in a contrast medium concentration-
dependent manner. In contrast, our results showed 
that WDV was increased in the contrast medium 
concentration exceeding 10%. It has been reported that a 
material containing higher iodine causes beam-hardening 
artifacts15-17), and water (iodine) image accentuates beam-
hardening artifacts that have less intense or unchanged 
CT attenuation at low versus high kVp17). In fact, the 
artifact pattern was observed in the contrast medium 
concentration exceeding 10% in phantom imaging, and 
also observed in the patient data in which the WDV 
increased after CE (data not shown). Therefore, it was 
suggested that the WDV might be affected by beam-
hardening artifacts at over 10% contrast medium. The 
concentration of contrast medium to patients in this study 
was 600 mg I per kg body weight, with an iodine content 
of 300 or 350 mg I/ml. This concentration is commonly 
used clinically19, 20), which is less than 5% of the whole-
body blood volume. Theoretical whole-body contrast 
medium concentration which calculated by blood volume 
from Ogawa formula and the dose of contrast medium, is 
less 4% for both men and women. However, in the patient 
data, the patients who showed increasing WDV obtained 
from arteries and veins after CE-CT were 28 and 50 
patients, respectively. This means that the concentration 

of contrast medium in the ROI exceeded 10%.
In DE-CT, the tissue attenuation coef f icient is 

calculated from two dif ferent X-ray energies, and 
discriminates materials by representing each image 
with water and iodine21, 22). In plain CT images, there was 
a statistically significant difference in the WDV of the 
arteries and the veins, and the effect size was medium. 
However, the difference in WDV between arteries and 
veins was extremely small, and it seems difficult to 
distinguish by using the value. In CE-CT images, there 
was a statistically significant decrease in the WDV of the 
arteries compared with plain CT, while the difference 
in WDV was extremely small. These results indicate 
that the WDV was less affected by subtle differences in 
components such as arteries, veins, and contrast medium. 
In addition, our previous study revealed that no effect on 
CT value and WDV by tumor contrast enhancement8). 
Therefore, it was suggested that the patient prognosis 
can be determined by the WDV of any ROI in the tumor, 
and the WDV could be used as a prognostic indicator. 
However, the number of patients with outliers on CE-
CT is higher in veins than in other imaging methods, 
this could be including several factors such as patient 
characteristics, contrast medium injection rate, and scan 
delay. Moreover, it is difficult to handle WDV in low IDV 
such as veins, and WDV may less reliable in diagnosis 
because the WDV variability is large when the tumor has 
a low IDV. Thus, there is still a limitation to use WDV as 
a prognostic indicator.

5.  Conclusions

The results of this study revealed that WDV was less 
affected by subtle differences in component and contrast 

Fig. 4.  Comparison of WDV of arteries and veins. A) Plain imaging, B) contrast imaging. Values are shown as 
mean ± standard deviation. **P < 0.01. Black circle and blank square show mean value and outlier, respectively.
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medium, suggesting that WDV can be used as a clinical 
indicator. Further studies are required to establish the 
WDV as a prognostic indicator because there are still 
factors that influence WDV.
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