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Background: This study aimed to evaluate the diagnostic accuracy of diffusion kurtosis imaging (DKI) in 
differentiating early hepatic fibrosis (HF) from normal liver and advanced HF in rabbits.
Methods: A total of 35 healthy New Zealand white rabbits were included in the study. A model of HF was 
established in 30 rabbits through subcutaneous injections of 50% carbon tetrachloride (CCl4)/olive oil, while 
5 rabbits received saline injections. The gradually increased doses of CCl4 were 0.1, 0.2, and 0.3 mL/kg in 
weeks 1 to 3, weeks 4 to 6, and weeks 7 to 10, respectively. Two injections were given each week. Two rabbits 
in the experimental group died. All rabbits underwent DKI with three b values (0, 500, and 1,000 s/mm2) 
at week 5 (n=8), week 6 (n=9), week 7 (n=8), and week 10 (n=8). Approximately 2 liver lobes per rabbit were 
selected for histopathology. Mean diffusivity (MD) and mean kurtosis (MK) were calculated. Discrimination 
capacities of DKI parameters were analyzed and compared by receiver operating characteristic (ROC) 
analysis.
Results: The meta-analysis of histological data in viral hepatitis (METAVIR) scoring system was used to 
classify liver lobes into the control group (F0, n=0), early HF group (F1–F2, n=28), and advanced HF group 
(F3–F4, n=28). MD and MK values were significantly different among the three groups (all P<0.05). MD 
value was negatively correlated with increased fibrosis level, while MK value was positively correlated with 
increased fibrosis level (ρ=−0.540, 0.614; P<0.05). The area under ROC curves (AUCs) for MD and MK 
were 0.886 and 0.875, respectively, for characterization of F0 and F1–F2, and 0.975 and 0.957 for F0 and 
F3–F4. AUC for MK was 0.751 for characterization of F1–F2 and F3–F4. MD performed better than MK 
for characterization of F0 and F1–F2 as well as F0 and F3–F4. MK showed good differentiation performance 
between F1–F2 and F3–F4.
Conclusions: Our results showed that DKI contributed to discriminating reversible early HF from normal 
liver and advanced HF and as a result, showed promise for use in HF diagnosis.
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Introduction

Hepatic fibrosis (HF), a common liver disease, is caused by 
the excessive accumulation of extracellular matrix (ECM) 
proteins rich in collagen I and III. HF can progress to 
irreversible cirrhosis and liver failure, ultimately leading to 
hepatocellular carcinoma (HCC) and increasing morbidity 
and mortality worldwide (1-3). Recent studies have shown 
that the meta-analysis of histological data in viral hepatitis 
(METAVIR) scoring system makes a difference between 
reversible HF and unreversible HF. Early HF (F1–F2) 
is potentially reversible but once HF has progressed to 
an advanced stage (F3–F4), it is difficult to cure (2-5). 
Therefore, reliable methods for evaluating HF, monitoring 
treatment response to antifibrotic agents, and detecting the 
progression of HF are desirable (6,7).

As previous studies have reported the limitations of 
liver biopsy, including invasiveness, sampling variability, 
interobserver variability, complications, and potential 
adverse outcomes (8-10), an increasing interest in 
noninvasive tools for grading HF has emerged. In recent 
years, magnetic resonance imaging (MRI) has been used 
as a noninvasive and effective examination method in the 
auxiliary diagnosis of HF. Conventional diffusion-weighted 
imaging (DWI) which assumes water molecule movements 
follow a Gaussian distribution, is a rapid, non-invasive 
imaging technique that provides valuable information at the 
cellular level to distinguish normal tissue from abnormal 
lesions, allows for assessment of HF by apparent diffusion 
coefficient (ADC) (11-13), and consequently can distinguish 
nonfibrotic liver (F0) from cirrhotic liver (F4) (14). Further, 
the higher the b value, the more valuable ADC is in the 
diagnosis of HF stage (15). However, the disadvantage of 
the ADC value is that it cannot accurately diagnose the 
duration of HF (16). Therefore, novel imaging methods for 
the accurate determination of HF staging are needed.

In 2005, Jensen et al. proposed the use of diffusion 
kurtosis imaging (DKI) for quantifying the degree of water 
diffusion in biological tissues based on non-Gaussian 
distribution (17). Kurtosis refers to the normalized and 
standardized fourth central moment of water displacement 
distribution. Higher b values are calculated in a modified 
image postprocessing procedure to obtain quantitative 
information regarding the magnitude and direction of non-
Gaussian water diffusion displacement, including mean 
diffusivity (MD) and mean kurtosis (MK) (17,18). DKI is a 
dimensionless measurement that can be either positive (more 
sharply peaked than Gaussian) or negative. A higher kurtosis 
value implies a more restricted diffusion environment. 

DKI is potentially capable of characterizing chronic liver 
diseases, pancreatic fibrosis, and renal fibrosis (19-21) 
and is superior for assessing gliomas, breast cancer, and 
rectal adenocarcinoma compared to conventional diffusion 
parameters (22-24). Yoshimaru et al. (25) used DKI to classify 
HF stage as normal and early HF, substantial stages, and 
advanced HF. DKI performed better than DWI in studies 
by Sheng et al. and Xie et al. (26,27) in differentiating rats 
and patients with mild or substantial fibrosis from normal 
individuals. Corrected apparent diffusion of DKI histogram 
analysis showed better diagnostic performance to liver 
fibrosis stages compared with ADC by Sheng et al. (28) 
Since the application of DKI to HF research is still at the 
preliminary stage, the primary objective of this study was 
to explore the diagnostic accuracy of DKI in differentiating 
early HF from normal liver and advanced HF in rabbits.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-4884).

Methods

Animal models

Experiments were performed under a project license (No. 
AEE18069) granted by institutional board of Dalian Medical 
University, in compliance with Dalian Medical University 
institutional guidelines for the care and use of animals. A 
protocol was prepared before the study without registration. 
Thirty-five healthy, 6-to-8-month-old, male New Zealand 
white rabbits weighing 2.5–3.0 kg were provided by the 
Medical Experimental Animal Center of Dalian Medical 
University. Thirty rabbits were randomly allocated to the 
experimental group and 5 rabbits to the control group. A 
rabbit model of HF was established in the experimental group 
through subcutaneous injection of 50% carbon tetrachloride 
(CCl4)/olive oil. The gradually increased doses of CCl4 were 
0.1, 0.2, and 0.3 mL/kg in weeks 1 to 3, weeks 4 to 6, and 
weeks 7 to 10, respectively. Two injections were given each 
week. The control group rabbits were injected with saline for 
10 consecutive weeks (Figure 1). All injections were carried 
out between 10:00 AM and 11:00 AM at weekends. During 
the modeling process, the rabbits’ appetite, activity, color and 
depilation were closely observed.

MRI

MRI was performed at 5, 6, 7, and 10 weeks. The rabbits 
fasted for 8 hours and were then anesthetized with an 
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Healthy male rabbits (n=35)

Experimental group (n=30) Control group (n=5)

Week 1–10: Injecting salineExclusion death 
(n=2)

Injecting the gradually increased 
dose of CCl4 
week 1–3                     0.1 mL/kg 
week 4–6                     0.2 mL/kg 
week 7–10                   0.3 mL/kg 
every two injections in a week

MRI scan (n=33) 
week 5 (n=8), week 6 (n=9), week7 (n=8), week 10 (n=8)

T2WI, DKI Histopathological evaluation

Statistical analysis

Figure 1 The experiment flow chart. Thirty healthy, 6-to-8-month-old, male New Zealand white rabbits were randomly selected for 
the experimental group and 5 rabbits for the control group. A rabbit model of HF was established in the experimental group through 
subcutaneous injections of 50% CCl4/olive oil. The gradually increased doses of CCl4 were 0.1, 0.2, and 0.3 mL/kg in weeks 1 to 3, weeks 4  
to 6, and weeks 7 to 10, respectively. Two injections were given each week. The control group rabbits were injected with saline for  
10 consecutive weeks. A total of 33 rabbits were included in the experiment; 2 rabbits in the experimental group died (1 from hepatic failure 
and 1 from the anesthesia). All rabbits underwent DKI with three b values (0, 500, and 1,000 s/mm2) at 5, 6, 7, and 10 weeks. HF, hepatic 
fibrosis; CCl4, carbon tetrachloride; DKI, diffusion kurtosis imaging; MRI, magnetic resonance imaging; T2WI, T2-weighted images.

auricular vein injection of 1.5 mL/kg 10% chloral hydrate 
and fixed in the supine position for MRI examination. An 
abdominal belt was used to reduce the respiratory artifacts. 
The whole liver was scanned using a 3.0-T MRI scanner 
(Discovery MR750w, GE Healthcare, Waukesha, WI, 
USA) with an 8-channel phased-array knee coil for signal 
reception and a body coil for transmission. The routine MR 
examination protocol contained axial T2-weighted images 
(T2WI) according to the following scanning parameters: 
repetition time (TR)/echo time (TE) =2,000/50 ms, slice 
thickness =4 mm, slice gap =1 mm, field of view (FOV) 
=20×20 cm, matrix =128×128, number of excitations (NEX) 
=4, and time =1 minute 40 seconds. DKI involved spin-echo 
echo-planar imaging and included three b values (0, 500, and 
1,000 s/mm2) and 15 diffusion directions according to the 

following scanning parameters: TR/TE =4,000/90 ms, slice 
thickness =4 mm, slice gap =1 mm, FOV =20×20 cm, matrix 
=128×128, NEX =4, flip angle =90°, and time =9 minute  
24 seconds.

Imaging analysis

All images were transferred to a workstation (Advantage 
Workstation 4.6, GE Healthcare) and postprocessed with 
vendor-supplied software by two independently trained 
radiologists with 3 years of MRI experience who were 
blinded to the histopathologic results. DKI images were 
used to compute MD and MK. All DKI parameters were 
measured for T2WI images. Three regions of interest 
(ROIs) with a mean area of 20 mm2 were placed on each 
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Figure 2 T2WI, MD, and MK maps of HF at stage F3. Three ROIs were placed on the middle lobe of the right liver. (A) T2WI. (B) ROIs 
ranging from 20 mm2 were placed on the MD image. (C) ROIs were copied to the MK image. T2WI, T2-weighted images; MD, mean 
diffusivity; MK, mean kurtosis; HF, hepatic fibrosis; ROIs, regions of interest.

lobe according to its volume, and the values were recorded. 
The mean value of the 3 ROIs was computed as the 
corresponding average value of MD and MK for each liver 
lobe. Regions with severe artifacts, blood vessels, and the 
bile duct were avoided when drawing ROIs. Examples of 
MD and MK maps of HF are shown in Figure 2.

Histopathologic examination

After satisfactory MRI was obtained, the rabbits were killed 
via cervical dislocation. The livers were then removed and 
fixed in 10% formaldehyde. The tissue specimens were 
processed by a pathologist with 10 years of experience using 
the following steps: sampling, fixing, mending, flushing, 
dehydrating, hyalinizing, waxing, paraffin embedding, 
paraffin sectioning, hematoxylin-eosin (HE) staining, 
Masson 3-color staining, and mounting. The stained 
slices were then observed under optical microscope and 
assessed for HF grading in accordance with METAVIR 
scoring system (4): F0 = no fibrosis, F1 = mild fibrosis 
(portal fibrosis without septa), F2 = substantial fibrosis 
(periportal fibrosis and few septa), F3 = advanced fibrosis, 
(septal fibrosis without cirrhosis), F4 = widespread fibrosis 
with cirrhosis. Based on the pathological results, the liver 
lobes were divided into the control group (F0), early HF 
group (F1–F2), and advanced HF group (F3–F4). The 
pathological samples were selected based on the magnetic 
resonance images and liver lobes with artifacts were 
excluded. Pathological sections of liver tissues with different 
HF stages are shown in Figure 3.

Statistical analysis

Stat i s t ica l  ana lyses  were  per formed us ing  SPSS 

software for Windows, version 21.0 (IBM, Chicago, IL, 
USA). Interobserver reproducibility of MD and MK 
measurements was assessed using an intraclass correlation 
coefficient (ICC), which defined reproducibility as poor 
(<0.04), fair to moderate (0.4–0.75), and good (>0.75). 
Data were analyzed by one-way analysis of variance 
(ANOVA). Post hoc tests [Fisher’s least significant 
difference (LSD), Bonferroni, and Games-Howell] were 
conducted after the Levene variance homogeneity test 
and Kolmogorov-Smirnov normality test were performed 
to assess variance and normality for each group. In 
addition, the nonparametric Chi-square test was used as 
a supplementary validation for heterogeneous variance. 
Spearman rank correlation analysis was used to investigate 
the correlation between DKI parameters and HF  
stages (26). The area under receiver operating characteristic 
(ROC) curve (AUC) for each DKI parameter was computed 
to evaluate discrimination performance. The maximum 
value of the Youden index was selected as a cut-off and its 
sensitivity and specificity for diagnosis were also calculated. 
P value <0.05 was considered statistically significant.

Results

Animal models and histopathologic findings

Two rabbits in the experimental group died before MR 
examination; 1 as a result of hepatic failure and 1 from the 
anesthesia. In total, 5 control group rabbits and 28 rabbits 
from the experimental group were included in the analysis. 
Approximately 2 liver lobes per rabbit were selected for 
histopathology. Liver lobes were allocated to the control 
group (F0, n=10), early HF group (F1–F2, n=28), and 
advanced HF group (F3–F4, n=28), based on the METAVIR 
scoring system.
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Figure 3 Masson staining (original magnification ×100) based on the METAVIR scoring system. (A) F0, the normal control. (B) F1, mild 
fibrosis (portal fibrosis without septa). (C) F2, substantial fibrosis (periportal fibrosis and few septa). (D) F3, advanced fibrosis (septal fibrosis 
without cirrhosis). (E) F4, widespread fibrosis with cirrhosis. METAVIR, meta-analysis of histological data in viral hepatitis.

DKI parameter correlation in control group and rabbits 
with early and advanced HF

The interobserver reproducibility for the MD and MK 
values were good, with an ICC of 0.995 [95% confidence 
interval (CI): 0.992–0.997] and 0.890 (95% CI: 0.992–
0.997), respectively. The average values of MD and MK in 
the F0, F1–F2, and F3–F4 groups are listed in Table 1. The 

variance of MD values was homogeneous (P=0.153). The 
LSD post hoc test showed significant differences in MD 
values between groups (all P<0.05), while the Bonferroni 
post hoc test showed significant differences between F0 and 
F1–F2 as well as F3–F4 (all P<0.05) but not between F1–
F2 and F3–F4 (P=0.089). The variance of MK values was 
heterogeneous (P=0.004), and significant differences in MK 
values were shown between groups with the Games-Howell 
post hoc test (all P<0.05). In addition, the results of the 
Chi-square test showed that MK values in the advanced HF 
group were higher than in the early HF group as well as the 
normal control group (P=0.010).

ROC analysis of DKI parameters for HF staging

MD and MK values were significantly correlated with 
the extent of HF staging (Spearman’s rank correlation 
coefficient, ρ=−0.540, 0.614, P<0.05). MD values were 
better able to identify F0 and F1–F2, and F0 and F3–F4, 

Table 1 The DKI parameters in the control group, early HF group, 
and advanced HF group

Group MD (×10−3 mm2/s) MK

F0 (n=10) 3.288±0.746 0.798±0.232

F1–F2 (n=28) 1.972±0.718 1.168±0.372

F3–F4 (n=28) 1.575±0.572 1.439±0.214

DKI, diffusion kurtosis imaging; HF, hepatic fibrosis; MD, mean 
diffusivity; MK, mean kurtosis.

A

D E

CB
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with AUCs of 0.886 (95% CI: 0.776–0.996) and 0.975 
(95% CI: 0.975–1.000), compared to MK values, with 
AUCs of 0.875 (95% CI: 0.730–1.000) and 0.957 (95% CI: 
0.874–1.000). MK values were better able to identify F1–F2 
and F3–F4, with an AUC of 0.751 (95% CI: 0.610–0.891), 
compared to MD values, with an AUC of 0.663 (95% CI: 
0.520–0.807) (Tables 2,3 and Figure 4).

Discussion

DKI is a straightforward extension of conventional DWI, 
with higher order diffusion to quantify the non-Gaussian 
water diffusion displacement in the diagnosis of HF. In the 
application of DKI, the higher b value can reflect the local 
water molecule diffusion in non-Gaussian distribution. 
However, because the signal-to-noise ratio (SNR) 
decreases as the b value increases, the b value used in the 
kurtosis model should be smaller than 3/MD × MK. Jensen 
et al. (17) reported that kurtosis analysis could be carried 
out with lower b values. In currently published liver 
DKI studies, the maximum b value is 2,000 s/mm2 (25).  
We chose three b values (0, 500, and 1,000 s/mm2) and 15 

diffusion directions for 2 nonzero values in this experiment 
to achieve good images and obtain kurtosis tensor-derived 
parameters (29,30).

DKI parameter correlations in HF

MD and MK values were the most representative DKI 
parameters reflecting macroscopically and quantitatively 
microscopic pathological changes in liver fibrosis. Our 
results showed that MD values decreased as the fibrosis 
advanced and showed good differentiation ability between 
F0 and F1–F2 as well as F3–F4, which was consistent 
with the pathological basis of HF progression. Collagen 
molecules, glycosaminoglycans, and proteoglycans are 
deposited in the hepatic extracellular (30), leading to 
shrinkage of extracellular space and restricting the diffusion 
of water molecules. MD refers to the average movement 
of water in 3 main directions. Therefore, MD can more 
precisely reflect the water molecule diffusion movement in 
extracellular spaces as the extracellular space changes.

Our study also demonstrated that MK values increased 
as the fibrosis advanced and showed good differentiation 
ability between F0 and F1–F2 as well as F3–F4. MK 
showed good differentiation performance between F1–F2 
and F3–F4. In theory, MK mainly reflects the complexity of 
organizational structures. When liver fibrosis continues to 
progress, it could be accompanied by hepatocyte swelling 
and inflammatory cell infiltration (31,32), which would 
increase the microstructural complexity of cells in the liver.

Diagnostic performance of DKI parameters for HF staging

In our study, as HF progressed, MD values decreased while 
MK values increased, both of which were significantly 

Table 2 Comparisons of DKI parameters between groups by 
ANOVA and corresponding post-hoc corrections

Group
MD MK

LSD Bonferroni Games-Howell

F0 vs. F1–F2 0.000* 0.000* 0.003*

F0 vs. F3–F4 0.000* 0.000* 0.000*

F1–F2 vs. F3–F4 0.028* 0.089 0.005*

*, P<0.05. DKI, diffusion kurtosis imaging; ANOVA, analysis of 
variance; MD, mean diffusivity; MK, mean kurtosis; LSD, least 
significant difference.

Table 3 The cut-off, AUC, sensitivity, and specificity of DKI parameters between the control group, early HF group, and advanced HF group

Parameters Group AUC (95% CI) P Cut-off Sensitivity Specificity

MD F0 vs. F1–F2 0.886 (0.776–0.996) 0.000 0.629 0.700 0.929

F0 vs. F3–F4 0.975 (0.925–1.000) 0.000 0.864 0.900 0.964

F1–F2 vs. F3–F4 0.663 (0.520–0.807) 0.036 0.321 0.357 0.964

MK F0 vs. F1–F2 0.875 (0.730–1.000) 0.001 0.664 0.964 0.700

F0 vs. F3–F4 0.957 (0.874–1.000) 0.000 0.864 0.964 0.900

F1–F2 vs. F3–F4 0.751 (0.610–0.891) 0.001 0.571 0.964 0.607

AUC, area under receiver operating characteristic curve; DKI, diffusion kurtosis imaging; HF, hepatic fibrosis; CI, confidence interval; MD, 
mean diffusivity; MK, mean kurtosis.
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F0 vs. F1–F2 
MD: AUC =0.886, P=0.000 
MK: AUC =0.875, P=0.001 

F1–F2 vs. F3–F4 
MD: AUC =0.663, P=0.036 
MK: AUC =0.751, P=0.001 

F0 vs. F3–F4 
MD: AUC =0.975, P=0.000 
MK: AUC =0.957, P=0.000 

MD

MK

Figure 4 The ROC of DKI parameters (MD, MK) in discriminating F0 vs. F1–F2, F0 vs. F3–F4, and F1–F2 vs. F3–F4. ROC, receiver 
operating characteristic; DKI, diffusion kurtosis imaging; MD, mean diffusivity; MK, mean kurtosis; AUC, area under ROC curve.

correlated with the progress of HF (P<0.05). MD and MK 
were promising parameters in distinguishing reversible 
HF from other HF stages and contributed to good 
differentiation diagnosis in intergroups F0, F1–F2, and F3–
F4. MD values had the highest diagnostic efficacy (AUC 
=0.975 and 0.886, P<0.05, respectively) in differentiating F0 
from F3–F4 and F1–F2. Studies have shown that synthesis 
of ECM increased in HF while degradation decreased. Our 
results indicated that the reduced extracellular space and 
the restricted water diffusivity in the extracellular space 
were the main distinguishing features between normal 

liver and HF, which was consistent with the findings of a 
human study, even though the effect of overlapping HF was 
ignored (25).

With respect to discrimination between F1–F2 
and F3–F4, the two different post hoc approaches for 
multicomparison corrections gave different results. The 
Bonferroni post hoc test, stricter than the other test, showed 
that MK values had higher diagnostic performance (AUC 
=0.751, P<0.05), implying that the complexity of hepatocyte 
microstructure increased significantly in advanced HF. 
Our results were consistent with Li et al. (33), while they 
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differed with the findings of Sheng et al., which suggested 
that MK values had a weak correlation with HF compared 
to MD values, with low identification ability in mild and 
severe fibrosis and in noncirrhosis and cirrhosis (26). This 
might have been due to the selection of different b values 
and because the HF models in our study avoided HF stage 
overlapping (25).

Limitations of this study

The present study had some limitations. First, the sample 
size was relatively small. Hence, detailed analysis from 
F0 to F4, particularly differentiation between F2 and F3, 
requires further study. Second, the established HF rabbit 
model induced by CCl4 was not exactly the same as clinical 
HF. Last but not the least, the effects of inflammation and 
steatosis of HF based on DKI parameters were not studied 
due to the very mild symptoms in our established models.

Conclusions

As a noninvasive functional MRI technique, DKI parameters 
could reflect pathophysiological and microstructural 
changes during HF, contributing to identification of 
reversible HF, and is worthy further study.
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