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Abstract: Objective: To qualitatively and quantitatively assess the diagnostic value of dual-energy virtual monoen-
ergetic images for non-alcoholic fatty liver disease (NAFLD) in a rabbit model. Materials and Methods: Twenty-one 
8-week-old rabbits were enrolled in this study; 14 rabbits were fed a high-fat, high-cholesterol diet (experimental 
group), and 7 rabbits were fed a standard diet (control group). All rabbits underwent a dual-energy unenhanced CT 
scan. Histological stages were categorized as normal, NAFLD, borderline nonalcoholic steatohepatitis (NASH), and 
NASH. The features of virtual monoenergetic images for the liver parenchyma, the CT value of virtual monoener-
getic image curves (MEIC), and the area under MEIC (AUMEIC) for the NAFLD histological features were analyzed by 
quantitative assessment and qualitative assessment. Results: As for quantitative assessment, the CT attenuation 
value of normal livers was higher than that of NAFLD livers (all P < 0.05), the optimal contrast-to-noise (CNR) and 
signal-to-noise (SNR) ratios were obtained at 60 keV for the control rabbits or the rabbits fed with high-fat and high-
cholesterol for 4 weeks, and the optimal CNR and SNR were calculated at 60 keV and 70 keV, respectively. The 
AUMEIC was significantly different for normal livers versus NAFLD livers (P < 0.05), and the AUMEIC for the histologi-
cal features of steatosis, inflammation, and fibrosis were also significantly different (all P < 0.05). As for qualitative 
assessment, the subjective image quality at 60 keV and 70 keV both could be available for diagnosis, and the 
score of the image quality at 60 keV was significantly higher than the score at 70 keV (P < 0.05). Conclusions: The 
feasibility of a monoenergetic image could provide a potentially effective tool for the diagnosis of NAFLD livers from 
normal livers. The spectral attenuation curve and its AUMEIC of normal and NAFLD livers are different. We recom-
mend monoenergetic images at 60 keV for evaluating the normal or NAFLD livers due to their optimal CNR and SNR.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is 
defined as hepatic intracellular deposition of 
fat droplets (> 5% triglycerides) in patients  
without clinically significant alcohol intake, 
infection or any other liver disease [1-4]. The 
earliest and most significant histological char-
acteristic of NAFLD is triglyceride accumulation 
in hepatocytes. Oxidative stress is triggered by 
hepatic intracellular triglyceride deposition, 
leading to simple steatosis, liver injury, inflam-
mation, nonalcoholic steatohepatitis (NASH), 
and finally cirrhosis and hepatocellular carci-

noma [5-12]. NAFLD is a risk factor for  
cardiovascular morbidity and for metabolic  
disease, including type-2 diabetes [13-17]. 
Therefore, early diagnosis of NAFLD and  
accurate quantification of liver histological fea-
tures are valuable in clinical practice.

At present, there are no specific serum  
biomarkers for the evaluation of the hepatic 
histology of NAFLD. Aminotransferases are not 
sensitive or specific enough for the detection of 
liver fat content. Liver biopsy is the gold stan-
dard for the evaluation of NAFLD. However, liver 
biopsy is not widely available because of its 
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invasiveness. It is critical to find a modality 
capable of quantifying NAFLD noninvasively.

Traditionally, conventional imaging modalities 
for NAFLD diagnosis, including ultrasound (US), 
computed tomography (CT), and magnetic reso-
nance imaging (MRI) have been important, 
non-invasive modalities for managing patients 
with NAFLD [18]. 

Recently, virtual monoenergetic extrapolations 
from the data of dual-energy CT have been 
studied, which have the potential to improve 
the contrast-to-noise ratio (CNR) of contrast-
enhanced structures in comparison to a stan-
dard single-energy CT examination [19-21]. 
Compared with traditional CT images, the main 
benefits of virtual monoenergetic images 
include less susceptibility to beam hardening 
artefacts, increased ability to quantify enhance-
ment and more quantitatively accurate attenu-
ation measurements through the construction 
of spectral curves that delineate tissue attenu-
ation changes at different keV energy levels 

[22-24]. Monoenergetic reconstructions gener-
ate virtual images at a single energy instead of 
the conventional poly-energetic CT images [25], 
which have been utilized in the kidneys, the 
liver, atherosclerotic carotid artery stenosis, 
the lungs, et al [26-29]. Currently, however,  
the characteristics of virtual monoenergetic 
images for the detection and evaluation of 
NAFLD histological features have not been 
identified, and little is known about using this 
technique for evaluating NAFLD quantitatively 
and qualitatively. 

The purpose of this preliminary study was to 
qualitatively and quantitatively assess the 
characteristics of virtual monoenergetic imag-
es for diagnosing NAFLD in a rabbit model.

Material and methods

This study was approved by the animal care 
and use committee of Guizhou Medical 
University.

The study design for NAFLD rabbit model

Twenty-one New Zealand white rabbits (male = 
10, female = 11), 8-weeks-old, were randomly 
classified into control group (n = 7) and experi-
mental groups (n = 14). The control group was 
fed a standard diet (STD). The experimental 
group was fed a high-fat and high-cholesterol 
diet (HFD, standard diet with an additional 2% 
cholesterol, 6% yolk powder, 10% lard, and 2% 
maltose dextrin). All rabbits underwent dual-
energy unenhanced CT scans at different time 
points: Fed with STD or HFD at 4 weeks or 8 
weeks. This process was conducted by the 
Laboratory Animal Research Center of Guizhou 
Medical University (Guiyang, China). The study 
design was as follows (Figure 1).

Dual-energy CT image acquisition

All the rabbits underwent a dual-energy  
unenhanced CT scan with a 128-slice MDCT 
(SOMATOM definition AS+, Siemens, Germany). 

For the 80 kVp scan mode, the settings were as 
follows: tube voltage 80 kVp, tube current 
120~130/298 (mAs/ref), collimation 128×0.6 
mm, 1 mm slice thickness, 220 mm FOV. 

For the 140 kVp scan mode, the settings were: 
tube voltage 140 kVp, tube current 30~35/71 
(mAs/ref), collimation 128×0.6 mm, 1 mm slice 

Figure 1. Study design of NAFLD rabbit models. 21 
rabbits were randomly classified into a control group 
(n = 7) or an experimental group (n = 14). All rabbits 
underwent Dual-energy CT examination. Rabbits in 
the experimental group were sacrificed either at 4 
weeks (n = 7), and 8 weeks (n = 7). All control rabbits 
underwent duel-energy CT and were sacrificed at 4 
weeks. All liver tissue specimens were stained with 
H&E and Masson trichrome staining. Histological 
features were classified as follows: normal, NAFLD, 
borderline NASH, and NASH.
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thickness, 220 mm FOV. We obtained all virtual 
monoenergetic images prior to initiation of the 
HFD protocol.

Image data analysis

Regions of interest (ROIs) (diameter 0.7 cm-1.0 
cm) were placed on the liver parenchyma when 
the virtual monoenergetic images were avail-
able at the Siemens workstation (Syngo CT 
Workplace VE40B). Virtual monoenergetic 
images were analyzed by an experienced 
abdominal radiologist who was blinded to the 
animal’s diet. The radiologist took care to avoid 
large bile ducts and hepatic vessels on the CT 
image. One ROI was placed in the left lateral 
lobe, another one in the left medial lobe, and 
the third one in the right lobe, and the left 
hepatic vein and the gallbladder were used as 
anatomic landmarks. CT attenuation values of 
each ROI were recorded, the average CT value 
of three ROIs was calculated for analysis. The 
CT values of each virtual monoenergetic image 
were set from 40 keV to 190 keV at the inter-
vals of 10 keV for statistical analysis.

Quantitative assessment

The objective assessment of virtual monoener-
getic images includes the CT attenuation of 
liver parenchyma, the CNR and SNR of virtual 
monoenergetic images for liver parenchyma, 
and AUMEIC. Firstly, the CT attenuation mea-
surement was performed for the virtual 
monoenergetic image at each energy level on 
the workstation (Syngo CT Workplace VE40B). 
Three ROIs were conducted in the left lateral 
lobe, the left medial lobe, and the right lobe by 
utilizing the left hepatic vein and the gallblad-
der as anatomic landmarks. The CT attenuation 
of each ROI was recorded, and the mean CT 
value was calculated for the analysis. Secondly, 
the CT values of muscle and air were also mea-
sured by placing the ROI on different keV levels 
on axial images. ROIs (0.7-1.0 cm2) were mea-
sured and avoided the lesions, calcification, 
and artifacts. The standard deviation (SD) of CT 
attenuation of air at the level of the left hepatic 
vein about 1 cm distal to the anterior abdomi-
nal skin was defined as background noise. 
Depending on the data of the CT value and SD, 
CNR and SNR were calculated using the follow-
ing formulas:

CNR SD
CT CT

liver
liver muscle=
-; ;                                      (1)

SNR SD
CT

liver
liver=                                                (2)

Where CTliver is the CT value of liver parenchy-
ma, CTmuscle is the CT value of erection muscle, 
SD is standard deviation (SD) of CT value of air.

Thirdly, the AUMEIC was performed based on 
the CT value of each level monoenergetic image 
by the following formula:
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Where SAUMEIC is the area under the monoener-
getic image curve integrated from 40 keV to 
190 keV, f(x) is the equation fitting the monoen-
ergetic image curve, d(x) is the differential, a is 
of 40 keV, b is of 190 keV, yn is the CT value of 
liver parenchyma at different keV levels of the 
monoenergetic image. 

Qualitative assessment

With regards to the qualitative assessment, the 
spectral attenuation curves were available 
according to various different keV levels of vir-
tual monoenergetic images. The optimal virtual 
monoenergetic images with the highest CNR 
and SNR were evaluated by two experienced 
abdominal radiologists who were blinded to the 
rabbit’s diet with a five-point scale. 

The overall Image quality was scored as fol-
lows: Score of 1 = poor; Score of 2 = subo- 
ptimal; Score of 3 = diagnostic; Score of 4 = 
superior; Score of 5 = excellent. 

Histological analysis

Following dual energy CT examinations, all rab-
bits were sacrificed under deep anesthesia 
using a 5 ml potassium chloride injection 
through the auricular veins. All liver specimens 
were stained with H&E and Masson staining. 
The sections were reviewed by an experienced 
pathologist who was blinded to the rabbit’s diet 
and sacrifice time point. The reference stan-
dards were as follows [30].

A NAFLD activity score was assigned to each 
pathological section: The unweighted sum of 
steatosis (score 0-3), lobular inflammation 
(score 0-2), and hepatocellular ballooning 
(score 0-2).

After the NAFLD activity score was assessed, 
each study subject was classified into various 
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NAFLD severity groups: Normal: Activity score  
= 0; NAFLD: Activity score = 1, 2; Borderline: 
Activity score = 3, 4; NASH: Activity score ≥ 5.

The evaluation of liver fibrosis by Masson tri-
chrome staining [31]: F0 = no fibrosis; F1 = peri-
sinusoidal or periportal fibrosis; F2 = perisinu-
soidal and periportal fibrosis; F3 = bridging 
fibrosis (portal-portal, portal-central, or central-
central); F4 = cirrhosis.

Statistical analysis

The normality assumption of variables was 
tested according to the Kolmogorov-Smirnov Z 
test. The CT values of liver parenchyma, erec-
tion muscle, air, and the SD of air at the  
different keV levels were determined with a 
nonparametric Friedman’s test, as well as the 
CNR and SNR of liver parenchyma. The  
AUMEICs of normal, NAFLD, borderline, and 
NASH were analyzed by one-way ANOVA, the 
AUMEICs of steatosis and inflammation were 
also determined by a one-way ANOVA, and the 

AUMEICs of ballooning and fibrosis were tested 
by a two-tailed independent-sample. The score 
of image quality was tested by a Wilcoxon 
signed-rank test between 60 keV and 70 keV. 
Continuous variables were expressed as the 
mean ± SD. Statistical analysis was performed 
on SPSS software (version 23.0, SPSS Inc., 
Chicago, IL).

A Kappa analysis and percentage agreement 
were considered to evaluate the qualitative 
analysis and performed through MedCalc soft-
ware (MedCalc 15.2.2, Mariakerke, Belgium). 
The definitions of inter-observer agreement  
on the basis of k value were as follows:  
k values less than 0.20 are an indication of 
poor strength agreement; k values between 
0.21~0.40 are an indication of fair strength of 
agreement; k values between 0.41~0.80 are 
an indication of moderate strength of agree-
ment; k values between 0.81~1.00 are an indi-
cation of very good strength of agreement. P < 
0.05 was considered a statistically significant 
difference. 

Figure 2. The characteristics of monoenergetic im-
ages for normal livers, NAFLD livers, muscle, air, 
and the SD of air. A. The mean CT value of normal 
liver decreased as the keV energy levels increased. 
B. The mean CT value of NAFLD liver increased as 
the keV energy levels increased. C, D. The mean CT 
value was relatively stable as the keV energy levels 
increased in muscle and air, respectively. E. The 
value of SD of air was detected at the 60 keV level.
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Results

Characteristics of animal NAFLD severity ac-
cording to histological features

According to the NAFLD activity score, four  
rabbits were classified as NAFLD, four rabbits 
were classified as borderline NASH, and six  
rabbits were classified as NASH. As for the 
fibrosis assessment, no fibrosis was observed 
in the normal or NAFLD livers (n = 4), and two of 
the four borderline livers (2/4) had a score of 
F1, and five of the six NASH livers (5/6) had a 
score of F1 (pericellular fibrosis). 

Quantitative analysis for virtual monoenergetic 
images

In the control group fed a standard diet at 4 
weeks (Con-4W), the CT value of liver parenchy-
ma was gradually decreased when increasing 
the monoenergetic keV levels, and the highest 
and lowest CT attenuations were observed at 
40 keV and 190 keV, respectively. However, for 
the experiment group fed a high-fat and high-
cholesterol diet at 4 weeks (Exp-4W) or 8 weeks 
(Exp-8W), the CT value of liver parenchyma was 
increased when the monoenergetic keV levels 
increased, and the highest and lowest CT atten-
uations were observed at 190 keV and 40 keV, 
respectively. Significant statistical differences 

existed among the different monoenergetic 
images (40 keV~190 keV) in the control group 
or the experiment groups (P < 0.001). The high-
est SD value was observed at 40 keV, and the 
lowest SD value was measured at 60 keV. The 
CT value of muscle was gradually decreased 
when the monoenergetic keV levels increased 
(range, 68.66 HU~65.74 HU). The CT value of 
air was gradually increased when the monoen-
ergetic keV levels increased (range, -996.50 
HU~-1002.51 HU) (Figure 2).

The lowest image noise (SD) was detected at 
60 keV, according to the CT value of liver paren-
chyma and muscle, the highest CNR and SNR 
calculated for the control group were both at 60 
keV (4.10±6.26 and 19.9±6.66, respectively), 
as well as for the experiment group fed with 
high-fat and high-cholesterol at 4 weeks 
(7.04±4.4 and 8.69±2.84, respectively). The 
highest CNR and SNR were at 60 keV and 70 
keV for the experiment group fed with high-fat 
and high-cholesterol at 8 weeks (9.38±1.91 
and 8.43±0.66, respectively) (Table 1).

Qualitative analysis for virtual monoenergetic 
images

For the qualitative analysis, the subjective 
image quality at 60 keV and 70 keV was evalu-
ated by two experienced abdominal radiolo-

Table 1. The CT value, CNR, and SNR of liver parenchyma for the normal or NAFLD livers at various 
keV levels

Monoenergetic 
Image (keV)

Liver CT value Liver CNR Liver SNR
Con-4W  
(n = 7)

Exp-4W  
(n = 7)

Exp-8W  
(n = 7)

Con-4W 
(n = 7)

Exp-4W 
(n = 7)

Exp-8W  
(n = 7)

Con-4W  
(n = 7)

Exp-4W  
(n = 7)

Exp-8W  
(n =7 )

40 80.50±8.29 36.50±11.97 24.15±6.14 1.91±1.50 2.10±1.69 2.87±2.05 6.63±1.43 2.29±0.71 1.49±0.31

50 72.27±6.94 36.52±9.88 28.62±4.66 2.47±3.03 3.65±1.79 4.71±1.69 10.94±2.53 4.05±0.81 3.41±0.42

60 67.38±6.19 38.28±7.52 31.36±4.42 4.06±6.31 7.04±4.40 9.38±1.91 19.87±6.57 8.69±2.84 8.16±0.64

70 64.32±5.90 39.35±7.75 33.03±4.58 3.47±4.92 6.39±3.95 8.54±2.23 15.35±4.67 8.83±3.43 8.43±0.66

80 62.34±5.82 40.04±8.59 34.12±4.80 2.61±3.38 4.57±2.77 5.78±2.07 11.17±2.91 6.56±2.09 6.18±0.54

90 61.02±5.76 40.49±9.38 34.83±5.00 2.20±2.68 3.77±2.30 4.54±2.06 9.20±2.10 5.49±1.58 5.14±0.48

100 60.13±5.72 40.82±10.00 35.32±5.15 1.98±2.34 3.33±2.02 3.90±2.06 8.16±1.74 4.93±1.34 4.58±0.44

110 59.47±5.72 41.05±10.49 35.68±5.25 1.86±2.16 3.08±1.86 3.54±2.06 7.55±1.50 4.62±1.25 4.27±0.43

120 59.03±5.72 41.23±10.90 35.93±5.34 1.78±2.01 2.93±1.77 3.32±2.08 7.15±1.37 4.42±1.20 4.09±0.40

130 58.67±5.69 41.33±11.14 36.14±5.42 1.75±1.93 2.83±1.72 3.17±2.09 6.89±1.27 4.29±1.17 3.96±0.40

140 58.41±5.70 41.41±11.36 36.27±5.46 1.72±1.88 2.67±1.75 3.09±2.07 6.69±1.20 4.18±1.14 3.87±0.40

150 58.22±5.69 41.52±11.53 36.39±5.51 1.70±1.83 2.69±1.64 3.04±2.03 6.55±1.16 4.11±1.13 3.81±0.39

160 58.01±5.71 41.56±11.66 36.48±5.57 1.68±1.78 2.64±1.61 2.99±2.00 6.43±1.13 4.06±1.12 3.76±0.39

170 57.90±5.71 41.59±11.75 36.55±5.57 1.67±1.76 2.62±1.60 2.97±1.99 6.36±1.10 4.02±1.12 3.72±0.38

180 57.80±5.71 41.63±11.85 36.59±5.59 1.67±1.74 2.59±1.59 2.94±1.98 6.33±1.08 3.98±1.10 3.69±0.38

190 57.73±5.72 41.67±11.92 36.66±5.62 1.67±1.73 2.58±1.60 2.93±1.97 6.30±1.05 3.96±1.09 3.67±0.38

P value < 0.001 1.000 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Note: Con-4W, control group fed a standard diet for 4 weeks; Exp-4W, experimental group fed a standard diet for 4 weeks; Exp-8W, experimental group fed a standard 
diet for 8 weeks; CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio.
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gists with a five-point scale. The image quality 
of all the rabbits was proven sufficient to  
support diagnosis (score ≥ 3). Inter-observer 
agreement was established between the two 
experienced radiologists for 60 keV and 70 keV 
(k = 0.533 and k = 0.323, respectively). The 
score of the image quality at 60 keV was higher 
than the score at 70 keV [(3.29±0.41) vs. 
(3.12±0.27), P < 0.05]. The spectral attenua-
tion curves displayed two different types of 
curves between the normal liver and the NAFLD 
livers. For the normal livers, the spectral atten-
uation curve had a tendency to decrease from 
40 keV to 190 keV (7/7). For the NAFLD livers, 
some of the NAFLD livers showed a tendency to 
decrease (3/14), and the other NAFLD livers 
had a tendency to increase (11/14).

The characteristics of virtual monoenergetic 
images for NAFLD livers

The AUMEIC was (9240.92±866.06) keV.HU  
for normal livers, (6029.35±1484.83) keV.HU 
for NAFLD, (6018.86±1475.83) keV.HU for bor-
derline NASH, (5076.61±464.36) keV.HU for 
NASH. Significant statistical differences exist-
ed for normal livers versus NAFLD or higher 
NAFLD livers (P < 0.05). The AUMEICs for the 
histological features of steatosis, inflammation, 

ers. The AUMEIC of normal livers was larger 
than that of the NAFLD livers. The optimal CNR 
and SNR of monoenergetic images for evaluat-
ing the image quality of normal or NAFLD livers 
was found at 60 keV or 70 keV (40 keV-190 
keV), and we recommend that 60 keV be used 
as the optimal monoenergetic image for evalu-
ation of NAFLD livers. The results suggested 
that monoenergetic images could be available 
for the quantitative and qualitative assessment 
of NAFLD livers.

The range of fatty liver disease is often 
expressed as simple fatty liver to borderline 
NASH or NASH, with eventual progression to 
fatty cirrhosis [32, 33]. However, there are 
exceptions: Some alcoholic fatty livers evolve 
directly to cirrhosis instead of passing through 
NASH [32]. We evaluated the NAFLD activity 
score (NAS) of steatosis, lobular inflammation, 
and hepatocellular ballooning to classify the 
severity of NAFLD livers: simply fatty liver (NAS 
≤ 2), borderline NASH (NAS = 3 or 4), and NASH 
(NAS ≥ 5). Four grades of steatosis were 
observed in NAS as follows [30]: Score of 0  
indicated < 5% liver fat content, score of 1  
indicated 5%~33% liver fat content, score of 2 
indicated > 33%~66% liver fat content, score  
of 3 indicated > 66% liver fat content. Still,  

Figure 3. The characteristics of AUMEIC. A. The AUMEIC for NAFLD liver. B-D. 
The AUMEIC for the histological features of steatosis, inflammation, and 
fibrosis, respectively.

and fibrosis were also signifi-
cantly different (all P < 0.05) 
(Figure 3).

According to the histological 
results, the subgroups of 
NAFLD livers were classified 
into NAFLD, borderline NASH, 
and NASH. However, the CT 
value of liver parenchyma was 
different as the levels of keV 
energy in normal, NAFLD, bor-
derline NASH, and NASH livers 
increased, respectively (Table 
2).

Discussion

We detected a significant dif-
ference in CT attenuation at 
different keV levels between 
the normal livers and the 
NAFLD livers. The spectral 
attenuation curves showed a 
down-sloping for the normal liv-
ers, but it showed an up-slop-
ing for most of the NAFLD liv-
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significant statistical differences existed for 
normal liver versus NAFLD or higher NAFLD  
livers, as well as the AUMEICs for the histologi-
cal features of steatosis, inflammation, and 
fibrosis. However, the histological features of 
steatosis, fibrosis, and inflammation coexisted 
in the NAFLD liver specimens in our study 
(7/14). Therefore, it is very difficult to evaluate 
the differences of CT attenuation or AUMEIC 
induced only by steatosis, fibrosis, or inflamma-
tion, respectively.

The spectral attenuation curve evaluation  
was different for the normal livers and the 
NAFLD livers (Figure 4). For normal livers, the 
highest and lowest CT attenuation values were 
obtained at 40 keV and 190 keV, respectively. 
The values show a significant attenuation 
decrease at low energies (approximately 40 
keV-100 keV), becoming relatively flat at high 
energies (approximately 110 keV-190 keV). For 
the NAFLD livers, the highest CT attenuation 
value was also observed at 40 keV; however, 
the slope reduction of a spectral attenuation 
curve was detected. For borderline NASH or 
NASH, the highest CT attenuation value existed 
at 190 keV, and the lowest CT attenuation value 
was at 40 keV. Two types of spectral attenua-
tion curves were generated by various virtual 
monoenergetic energy levels, and this phenom-
enon of different shapes is associated with a 
relatively high atomic number. One of the ben-
efits of virtual monoenergetic images is quanti-
tatively accurate CT attenuation measure-
ments, which can increase the ability to quan-
tify tissue attenuation changes delineated  
by construction of spectral curves at various 
energy levels [23, 24, 34]. X-ray absorption is 
mainly dependent on two aspects: 1) the photo-
electric effect and 2) the atomic number Z of 
the encountered elements. The photoelectric 

Table 2. The characteristics of liver parenchyma CT values for normal or NAFLD livers at different keV 
levels
Monoenergetic Image (keV) Normal (n = 7) NAFLD (n = 4) Borderline (n = 4) NASH (n = 6) P value
40 80.50±8.29 44.44±5.47 29.88±5.70 21.22±5.22a < 0.001
50 72.27±6.94 42.60±7.11 31.39±5.91 26.68±3.51a < 0.001
60 67.38±6.19 41.50±8.34 35.37±4.17 29.99±2.96a < 0.001
70 64.32±5.90 40.79±9.15 37.82±6.66 32.04±2.91a < 0.001
80 62.34±5.82 40.35±9.70 39.39±8.73 33.36±3.02a < 0.001
90 61.02±5.76 40.05±10.04 40.42±10.22 34.23±3.17a < 0.001
100 60.13±5.72 39.87±10.29 41.14±11.26 34.82±3.26a < 0.001
110 59.47±5.72 39.72±10.50 41.65±12.00 35.27±3.36a < 0.001
120 59.03±5.72 39.66±10.72 42.03±12.55 35.57±3.43a < 0.001
130 58.67±5.69 39.52±10.74 42.30±12.97 35.82±3.49a < 0.001
140 58.41±5.70 39.47±10.79 42.52±13.28 35.97±3.52a < 0.001
150 58.22±5.69 39.45±10.85 42.69±13.55 36.14±3.56a < 0.001
160 58.01±5.71 39.39±10.92 42.82±13.72 36.24±3.60a < 0.001
170 57.90±5.71 39.36±10.93 42.91±13.84 36.32±3.62a < 0.001
180 57.80±5.71 39.33±10.97 42.98±14.00 36.38±3.62a 0.001
190 57.73±5.72 39.33±10.99 43.07±14.10 36.46±3.66a 0.001
Note: NAFLD, non-alcoholic fatty liver disease; Borderline, borderline nonalcoholic steatohepatitis; NASH, nonalcoholic steato-
hepatitis. a, The CT values at different keV levels of monoenergetic image among normal, NAFLD, borderline NASH, and NASH 
were tested by one-way ANOVA.

Figure 4. The characteristics of the spectral attenu-
ation curve for the normal liver and the NAFLD sub-
groups.
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effect increases strongly as photon energy 
decreases. Therefore, the attenuation exhibits 
as increasing significantly at low energies when 
the elements with a relatively high atomic num-
ber Z are encountered [34, 35]. Two different 
types of spectral attenuation curves were 
observed in the normal and NAFLD livers, 
because more hepatic intracellular deposition 
of fat droplets existed in the NAFLD livers, but 
not in the normal livers. However, the atomic 
number Z of fat droplets mainly included  
carbon (Z = 6), hydrogen (Z = 1), and oxygen (Z 
= 8), so fat lacks elements with relatively high 
atomic numbers in the liver. 

The spectral attenuation curve had a tendency 
to decrease from 40 keV to 190 keV and was 
observed in normal rabbits (7/7), and the spec-
tral attenuation curve had a tendency to 
increase when increasing the keV energy in the 
eleven NAFLD rabbits (11/14). However, the 
AUMEIC was larger than that of any one of the 
NAFLD rabbits in our study. This suggested that 
the AUMEIC had the ability to differentiate  
normal livers from NAFLD or higher severity 
NAFLD livers.

virtual monoenergetic reconstructions of DECT 
data at 60 keV could significantly improve 
lesion enhancement and CNR as well as  
subjective overall image quality [36, 37].

There are some limitations in our study. First, 
the sample size was small, including the  
number of subjects in the control group and the 
experimental group. To further improve the 
accuracy and diagnostic efficiency of monoen-
ergetic images for evaluating NAFLD livers, the 
sample size should be increased. Second,  
patterns of hepatic steatosis can be classified 
as microvesicular and macrovesicular. Our 
study showed that the predominant histological 
feature of rabbit liver specimens with NAFLD is 
microvesicular steatosis (Figure 5). Previous 
studies showed that there was a correlation 
between microvesicular steatosis and NAFLD 
in the clinical settings [38]. Our study also 
showed that fibrosis existed in borderline NASH 
or NASH livers (Figure 5). Third, we used a 
semiquantitative grading system for evaluating 
histological features, including steatosis, hepa-
tocellular ballooning, and lobular inflammation. 
The information about the liver fat content of 

Figure 5. Histological features of the normal liver and F1 in a NASH liver. 
A, B. Normal liver (H&E, ×200 vs. Masson trichrome, ×200); C. Histological 
section showing microvesicular steatosis in the hepatocytes (H&E, ×200). 
D. Photomicrograph of liver specimens showing pericellular fibrosis of F1 
(Masson trichrome, ×200). 

A monoenergetic image with 
the optimal CNR and SNR was 
found at 60 keV in the control  
rabbits or NAFLD rabbits fed a 
high-fat and high-cholesterol 
diet for 4 weeks, and the opti-
mal CNR was found at 60 keV 
in the NAFLD rabbits fed with a 
high-fat and high-cholesterol 
diet for 8 weeks as well. 
However, the optimal SNR for 
the NAFLD rabbits fed with 
high-fat and high-cholesterol 
for 8 weeks was found at 70 
keV. Therefore, monoenergetic 
images at 60 keV and 70 keV 
were generated by duel energy 
CT data to evaluate qualitative-
ly. The subjective image quality 
of the mono 60 keV images 
was superior to the subjective 
image quality of the mono 70 
keV images. Therefore, we rec-
ommend that monoenergetic 
images at 60 keV be consid-
ered superior for diagnosing 
normal livers or NAFLD livers. 
Previous studies showed that 
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compounds was not measured directly in our 
study, which may better reveal the steatosis of 
NAFLD livers.

In conclusion, the feasibility of monoenergetic 
images may prove to provide a potentially effec-
tive tool for the differential diagnosis of NAFLD 
livers. The spectral attenuation curve and its 
AUMEIC of normal and NAFLD livers are differ-
ent. Our study showed that the spectral attenu-
ation curve exhibited down-sloping for normal 
livers and up-sloping for borderline NASH or 
NASH, and the AUMEIC could provide comple-
mentary information to assess those histologi-
cal features. Last but not least, we recommend 
using monoenergetic images at 60 keV for eval-
uating normal or NAFLD livers, and these 
results should be confirmed clinically in patients 
with NAFLD in the case of a large sample size.
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