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Abstract: Aim: To obtain the parameters from stretched-exponential and mono-exponential models of multiple b-
value diffusion weighted imaging (DWI) and to compare the value of these parameters in detecting and staging he-
patic fibrosis (HF). Methods: The apparent diffusion coefficient (ADCst), distributed diffusion coefficient (DDC) and 
intravoxel water diffusion heterogeneity (α) for the study and control groups were calculated and compared. T-test, 
Receiver Operating Characteristic (ROC) analysis and Pearson’s correlation coefficient were used for statistical 
analysis. Results: All the parameters in the study group were significantly different from the corresponding param-
eters in the control group (P<0.05). The DDC showed a strong negative correlation with the HF stages (r = -0.786, 
P<0.001). The ADCst showed a moderate negative correlation with the HF stages (r = -0.579, P<0.001). However, 
α showed no correlation with the HF stages (P>0.05). The α also showed no obvious differences when comparing 
fibrosis at different stages. Using ROC analysis, DDC showed greater capability than ADCst in discriminating fibrosis 
stage 1 or greater (≥F1), stage 2 or greater (≥F2), and stage 3 or greater (≥F3), the areas of under curve (AUCS) of 
DDC and ADCst were 0.948, 0.903, 0.879, 0.912, 0.850 and 0.741, respectively. There was a moderate positive 
correlation between ADCst and DDC (r = 0.596, P<0.001). Conclusions: DDC and ADCst showed a significant cor-
relation with the stages of HF. The DDC had higher predictive ability than ADCst in distinguishing the stages of HF. 

Keywords: Hepatic fibrosis, diffusion weighted imaging, mono-exponential diffusion, stretched-exponential diffu-
sion 

Introduction

Chronic liver diseases could cause hepatic 
fibrosis (HF) [1, 2]. The progression of HF might 
eventually cause hepatic cirrhosis, hepatocel-
lular carcinoma, and even hepatic failure [3-5]. 
Early diagnosis and classification of HF is criti-
cal, because it could help determine early treat-
ments, prevent its progression to hepatic cir-
rhosis, and reduce healthcare costs [1, 6, 7]. In 
the clinic, it is difficult to diagnose and stage HF 
because patients with chronic liver diseases 
usually have no symptoms or only show slight 
abdominal distension. To date, the result of 
liver biopsy is considered to be the reference 
standard for the final diagnosis and staging of 
HF [8, 9]. However, a liver biopsy has several 
recognized drawbacks: certain invasiveness, 

high cost, sampling error, observation varia-
tions, poor repeatability, and so on [5, 9-11]. 
Therefore, it is not a suitable method to dynami-
cally monitor and screen all patients with chron-
ic liver diseases.

Magnetic resonance imaging (MRI), a noninva-
sive and promising technique for the evaluation 
of HF, has been increasingly adopted. Multiple 
b-value DWI as a non-contrast method has 
become a burning field of research in the ass- 
essment and staging of liver disease. In previ-
ously published reports [1, 8, 12] on HF, mono- 
and bi-exponential models of intravoxel inco-
herent motion (IVIM) have been proposed in HF. 
The bi-exponential model could describe the 
admixture of multiple exponential signal decays 
more closely than the mono-exponential model 
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and offered a possible unique insight into 
hepatic disease [13]. However, the bi-exponen-
tial model may oversimplify the movement of 
tissue water molecules in reality, and it is pos-
sibly more realistic to present a larger number 
(>2) of intravoxel proton pools using a continu-
ous distribution of diffusion coefficients [14]. 

To present an alternative method to the bi-
exponential model, Bennett et al. [14, 15] first 
introduced the stretched-exponential model, 
also referred to as the Kohlrausch decay func-
tion. The stretched-exponential model was 
used to present the IVIM diffusion signal and 
monitor the deviation from the mono-exponen-
tial model caused by pseudo-perfusion effects. 
The model perhaps overcame the difficulty of 
making a hypothesis about the amount of intra-
voxel proton pools utilizing distributed diffusion 
coefficients (DDC) in biological tissue. In a pre-
vious study, a stretched-exponential model was 
utilized to characterize the degree of intravoxel 
heterogeneity influencing diffusion-related MRI 
signal attenuation and has shown potential use 
for brain tumors [14, 16]. This paper will assess 
and compare the stretched-exponential model 
with the mono-exponential model in diagnosing 
and staging HF in patients, few articles have 
reported on this topic [17].

The purpose of this study was to calculate the 
parameters (DDC, α) of the stretched-exponen-
tial model using multi-b value DWI and evaluate 
whether these parameters could detect and 
stage HF in patients with chronic liver diseases 
with a better diagnostic performance than the 
parameter (ADCst) of mono-exponential model. 

Methods

Study population

The prospective study was approved by the 
institutional review board at the People’s 
Hospital of Zhengzhou University, and informed 
consent was obtained from all participants for 
the respective assessment of their clinical data 
and images. Among them, 30 patients who had 
chronic liver diseases were recruited consecu-
tively for this study between October 2012 and 
June 2013. All of them had undergone conven-
tional MRI and multiple b-value DWI. Of these 
30 patients, 5 were excluded from the study 
because of no liver biopsy or poor images. After 

these exclusions, 25 patients (22 males and  
3 females; mean age: 43.7±1.2 years, age 
range: 25-73 years) included in our study were 
verified by liver biopsy. Among the 25 patients, 
15 were with hepatitis B, 1 with hepatitis C, 1 
with alcoholic hepatitis, 2 with nonalcoholic 
fatty liver disease, 2 with drug induced hepati-
tis, 1 with Budd-Chiari syndrome, and 3 with 
autoimmune hepatitis. The time interval 
between undergoing the MRI and liver biopsy 
was one month. Of these 25 patients, 9 had 
abdominal distension and 16 were asymptom-
atic. At the same time, 25 control subjects (15 
males and 10 females, mean age: 38.9±1.3 
years, age range: 25-57 years) who had no his-
tory of liver disease, alcohol abuse, hepatic 
malignancy, or liver dysfunction were included. 
All the control subjects without ultrasound-
guided liver biopsy had undergone convention-
al MRI and multiple b-value DWI.

Magnetic resonance examination

All MRI was performed on a 3.0 T scanner (Dis- 
covery MR750, GE Medical System, Milwaukee, 
Wis.) with an 8-channel body phased-array coil 
(GE Medical Systems). All participants under-
went a routine liver MRI, which consisted of an 
axial T1-weighted spin echo sequence (repeti-
tion time (msec)/echo time (msec), 180/2.1), 
an axial T2-weighted spin echo sequence (rep-
etition time (msec)/echo time (msec), 4286/ 
88.1), and a coronal T2-weighted spin echo 
sequence (repetition time (msec)/echo time 
(msec), 8571/88.8). Multiple b-value DW-MRI 
was performed by using a respiratory-triggered 
single-shot spin-echo planar sequence, parallel 
imaging technique (parallel imaging reduction 
factor of 2), and monopolar gradient in the axial 
plane. The multiple b-value DW-MRI used fol-
lowing parameters: a repetition time (msec)/ 
echo time (msec) of 7000~12000/62, section 
thickness of 3 mm, gap of 1 mm, field of view of 
360 × 324 mm, matrix of 160 × 192. Seven b 
values from 0 to 800 sec/mm2 (0, 50, 100, 
200, 400, 600 and 800 sec/mm2, with one sig-
nal acquired for b = 0 sec/mm2, two signals 
acquired for b = 50, 100, 200 sec/mm2, four 
signals acquired for b = 400, 600 sec/mm2, 
and six signals acquired for b = 600, 800 sec/
mm2) were used for performing DWI in three dif-
fusion directions. The total slices of DWI varied 
on the basis of the length of the liver. Generally, 
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approximately 40 slices were obtained when 
performing multi-b value DWI.

Post-processing and image analysis

DWI processing and analysis was carried out  
on an Advantage Workstation 4.5 (GE Medical 
Systems). Two experienced radiologists (with 
10 years of experience performing abdominal 
MRI) manually drew the regions of interest 
(ROIs) in the diffusion weighted image series 
(ADCst, DDC, α maps) for all b value. ROIs (150 
mm2) [18] were placed in the right lobe to avoid 
large vessels, bile ducts, and focal hepatic 
lesions. Each ROI was measured 3 times, sepa-
rately. After obtaining three ROI values, the 
average value was used for each patient. All  
the ROIs were drawn by two radiologists in 
consensus.

In our work, we applied the least squares fit  
for a linear fitting with the mono-exponential 
model and the Levenberg-Marquardt fit for a 
nonlinear fitting with the stretched-exponential 
model. These were commonly used by fitting 
algorithms in previous studies (Figure 1A and 
1B) [16, 19].

Liver histopathology

In our study, the METAVIR scoring system was 
used to semi-quantitatively evaluate the stage 
of fibrosis and histological activity [11, 20-22]. 
Fibrosis was staged on a scale of 0 to 4 as fol-
lows: F0, no fibrosis; F1, portal fibrosis without 
septa formation; F2, portal fibrosis with rare 
septa formation; F3, numerous septa formation 
without cirrhosis; F4, cirrhosis [23]. Histological 
activity was scored as follows: no activity (A0); 

Figure 1. Semi-logarithmic plot of hepatic diffusion-related signal decay with respect to increasing b-values demon-
strates improved fit of the raw data with a stretched-exponential model when compared to mono-exponential model. 
A. A 51-year-old female patient with no fibrosis (F0). B. A 38-year-old male patient with a history of hepatitis B with 
HF (F2).

Table 1. Distribution of Various Stages of Fibrosis and 
Grades of Histological activity

Fibrosis Stage
Histological Activity Grade

No 
(A0)

Mild 
(A1)

Moderate 
(A2)

Severe 
(A3) Total

No fibrosis (F0) 10 0 0 0 10
Mild fibrosis (F1) 1 3 0 0 4
Moderate fibrosis (F2) 0 2 7 0 9
Advanced fibrosis (F3) 0 1 6 4 11
Cirrhosis fibrosis (F4) 0 0 0 1 1
Total 11 6 13 5 35
Note: F0 group includes 10 patients who were assumed to have 
healthy livers. The 10 patients without a histopathologic diagnosis 
with no evidence or history of liver disease, alcohol abuse, hepatic 
malignancy, or liver function test abnormalities were assumed to be 
fibrosis stage F0 and histological activity A0 in our study.

The ADCst was calculated using the mono-
exponential model for all 8 b-values and 
fitted to the following equation: Sb/S0 =  
exp (-bADC) [1]. Where Sb represents the 
signal intensity at a given diffusion weight-
ing b, S0 is the signal intensity without any 
diffusion weighting, and -b represents the 
diffusion sensitizing factor. ADC repre-
sents an apparent diffusion coefficient. 

DDC and α were calculated using the 
stretched-exponential model which emplo- 
yed the following equation: Sb/S0 = exp 
(-bDDC)α [2]. Where α, between 0 and 1, is 
the intravoxel water diffusion heterogene-
ity; the index DDC, the distributed diffu-
sion coefficient, is the mean intravoxel dif-
fusion rate.
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mild activity (A1); moderate activity (A2); and 
severe activity (A3). In the work, the fibrosis 
stage was verified by pathology of ultrasound-
guided 18-gauge core liver biopsy. The liver 
biopsy specimen was taken from the right pos-
terior lobe of the liver. Two experienced pathol-
ogists (with 15 years and 6 years of experience 
in abdominal diagnosis, respectively) blinded  
to all patients clinical and MRI data reviewed 
each of the specimens independently and  
provided METAVIR scores in consensus. Ten 
patients with healthy livers in control group 
were regarded as fibrosis stage F0 [2, 8].

Statistical analysis 

All analyses were performed with SPSS statisti-
cal software (version 17.0; SPSS, Chicago, IL). A 
P-value <0.05 was considered to indicate a sig-
nificant difference.

A series of paired sample t-tests were used to 
compare the ADCst, DDC and α values of this 
study group with the control group. Independent 
sample t-tests were also adopted to compare 
the ADCst, DDC and α of fibrosis stage 0 with 
stage 1-4, fibrosis stage 0-1 with stage 2-4 and 

fibrosis stage 0-2 with stage 3-4 in this study 
group.

Pearson’s correlation coefficient was used to 
assess the correlation between ADCst and 
DDC values of fibrosis groups. Pearson’s corre-
lation coefficient was also conducted to evalu-
ate the correlation of all parameter (ADCst, 
DDC, α) values with stages of HF. Correlation 
coefficients were categorized by absolute value 
as follows: very weak to negligible correlation, 
0.0-0.2; weak correlation, 0.2-0.4; moderate 
correlation, 0.4-0.7; strong correlation, 0.7-0.9; 
very strong correlation, 0.9-1.0 [24].

In the end, the area under the Receiver Ope- 
rating Characteristic (ROC) curve was used to 
evaluate the performance of ADCst, DDC and α 
in discriminating fibrosis stage 1 or greater, 
stage 2 or greater, and stage 3 or greater. We 
obtained the maximum of the sum of sensitivity 
and specificity by choosing optimal cutoff val-
ues for multiple b-value DWI. 

Results

The fibrosis stages and histological activity 
grades of the 35 cases (including 25 patients 

Figure 2. Characterization of a 51-year-old female patient with no fibrosis (F0). A. Multiple b-value DWI map of F0. B. 
The ADCst map shows the ADCst value was 1.29 × 10-3 mm2/s. C. The DDC map shows the DDC value was 0.973 × 
10-3 mm2/s. D. The α map shows the α value was 0.447.

Figure 3. Characterization of a 38-year-old male patient with a history of hepatitis B with HF (F2). A. Multiple b-value 
DWI map of F2. B. The ADCst map shows decreased value (1.14 × 10-3 mm2/s). C. The DDC map shows decreased 
value (0.849 × 10-3 mm2/s). D. The α map shows increased value (0.610). 
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with chronic liver diseases and 10 patients 
with healthy livers in control group) are present-
ed in Table 1. Among the 35 patients, the fibro-
sis stage distributions are as follows: F0 group 
included 10 patients who were assumed to 
have healthy livers and no histological activity 
[2, 8] (Figures 1A, 2A-D), F1 group included 4 
patients who had no (1 case) or mild histologi-
cal activity (3 cases). F2 group included 9 
patients who had mild (2 cases) or moderate 
histological activity (7 cases) (Figures 1B, 
3A-D). F3 group included 11 patients who had 
mild to severe histological activity. F4 group 
included only 1 patient who had severe histo-
logical activity.

A paired sample t-test was used for the study 
and control groups. As shown in Table 2, the 
mean ADCst, DDC and α values of the liver in 
the study group were different from the corre-
sponding parameters in the control group, 
respectively (all P<0.05).

Pearson’s correlation coefficient was used to 
evaluate the correlation of the values (ADCst, 
DDC and α) with fibrosis stages. The results are 
shown in Table 3. Both the mean ADCst and 
DDC values show a negative correlation with 
the fibrosis stages (r = -0.591 and -0.786, all 
P<0.001), i.e. the ADCst and DDC values de- 
crease with an increase of the stage of the 
fibrosis. However, α values show no significant 
correlation with the HF stages (P>0.05). Pear- 
son’s correlation coefficient was also adopted 

to assess the correlation between ADCst and 
DDC. There was a moderate positive correla-
tion between ADCst and DDC (r = 0.596, P< 
0.001). 

As shown in Table 4, independent sample 
t-tests were used to compare fibrosis stage 0 
with stage 1-4 (F0 vs. F1-F4), fibrosis stage 0-1 
with stage 2-4 (F0-F1 vs. F2-F4), fibrosis stage 
0-2 with stage 3-4 (F0-F2 vs. F3-F4) in the 
ADCst, DDC, and α values. We found that 
groups F0, F0-F1 and F0-F2 of HF were signifi-
cantly different from groups F1-F4, F2-F4 and 
F3-F4 in the mean values of ADCst or DDC, 
respectively (all P<0.05). The α values of gro- 
ups F0, F0-F1 and F0-F2 showed no significant 
difference from groups F1-F4, F2-F4 and F3-F4, 
respectively (all P>0.05). 

According to the ROC analysis (Figure 4A-C), 
the areas under the curves (AUCs) of the DDC, 
ADC and α for differentiating F0 from F1-4 were 
0.912, 0.948, and 0.694, respectively. The 
AUCs of DDC, ADC and α for differentiating F1 
from F2-4 were 0.850, 0.903, and 0.730, 
respectively. The AUCs of DDC, ADC and α for 
differentiating F2 from F3-4 were 0.741, 0.879, 
and 0.679, respectively. The DDC and ADC 
were significant parameters for differentiating 
F0 from F1-4, F1 from F2-4, F2 from F3-4 (all 
P<0.05, Table 5). Although α was a significant 
parameter for differentiating F1 from F2-4 
(P<0.05), it was not a significant parameter for 
differentiating F0 from F1-4, F2 from F3-4 (all 
P>0.05, Table 5). Based on ROC analysis (Fig- 
ure 4A-C), the optimal cutoff values, sensitivity, 
and specificity are summarized in Table 5.

Discussion

In this study, we quantitatively evaluated HF  
in patients with chronic liver diseases using  
the stretched-exponential and mono-exponen-
tial models. The results showed that the DDC 
from the stretched-exponential model provided 
greater diagnostic accuracy in staging HF than 
the ADCst from the mono-exponential model 
when histopathology was used as the refer-
ence standard. Therefore, DDC may serve as 
an optimal diffusion parameter for diagnosis 
and staging of HF.

In our study, the results showed that ADCst, 
DDC of the fibrotic livers in the study group 
were significantly different from the corre-

Table 2. Comparison of the parameters be-
tween the study and control groups

Parameters
Study Group  

(n = 25) Values
Control Group 

(n = 25) Values P
Mean ± SD Mean ± SD

ADCst* 1.14±0.16 1.36±0.16 0.000
DDC* 0.82±0.09 1.04±0.13 0.000
α 0.55±0.04 0.57±0.04 0.047
* = (× 10-3 mm2/s).

Table 3. Correlation coefficients between 
parameters and fibrosis stages in the study 
group
Parameters r p
ADCst -0.591 0.000
DDC -0.786 0.000
α -0.312 0.068
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sponding parameters of the normal livers in  
the control group. Since HF is a nonspecific 
response to chronic liver diseases that results 
in excessive synthesis and deposition of extra-
cellular matrix (ECM), particularly collagen 
fibers, in which the protons are less ample and 
tightly bound [25, 26] the water molecular dif-
fusion would be restricted in fibrotic liver 
because of collagen fibers existing in the dis-
torted lobular tissue. As a consequence, ADCst 
values decrease in a fibrotic liver when com-
pared with a normal liver. The DDC can be sup-
posed as a weighted sum over a continuous 
distribution of ADCst that is comprised of the 
multi-exponential decay properties. Therefore, 
DDC demonstrates a theoretically more accu-
rate description of diffusion in the present of 
multi-exponential decay and decrease in the 
fibrotic liver when compared with a normal liver 
[14, 16]. In pioneering studies, Patel et al. [27] 
and Luciani et al. [28] all found that the mean 
ADC values in the fibrotic and cirrhotic liver 
groups were lower than the values in the healthy 
liver group with multiple b-values (1.41 × 10-3 
mm2/s vs. 1.73 × 10-3 mm2/s [27]; 1.23 × 10 -3 
mm2/s vs. 1.39 × 10-3 mm2/s [28]). So far, only 
Anderson et al. has reported on the stretched-
exponential model in evaluating murine’s HF 
with high b values [17]; there is no report on the 
stretched-exponential model in evaluating hu- 
man HF. As shown in this study, we also found 
that both the mean ADCst and DDC values of 
fibrotic liver in the study group were signific- 
antly lower than the values of those in the nor-
mal livers in the control group (1.14 × 10-3 
mm2/s vs. 1.36 × 10-3 mm2/s; 0.82 × 10-3 
mm2/s vs. 1.04 × 10-3 mm2/s). Interestingly, 
our results showed that the mean α value of 
the fibrotic liver in the study group was different 
from the normal liver and was slightly lower 

than the normal liver, although there is no clear 
evidence to prove that a fibrotic liver may exhib-
it more intravoxel diffusion heterogeneity than 
a normal liver.

With increasing HF stages, the accumulation  
of the extracellular matrix (including collagen 
fibers and proteins etc.) would gradually incre- 
ase. Thereafter, the water molecular diffusion 
would be obviously restricted with the increas-
ing fibrosis stage. The ADCst and DDC values 
would decrease with the increase of the HF 
stage. In our work, the DDC demonstrated a 
strong negative correlation with the HF stages 
(r = -0.786), while ADCst demonstrated a mod-
erate correlation with the HF stages (r = -0.579). 
The above-mentioned results were similar to 
previous findings [17]. In our work, we also 
found that group fibrosis stages (i.e., stage 0, 
stage 0-1 and stage 0-2) were significantly dif-
ferent from the group fibrosis stage 1-4, stage 
2-4 and stage 3-4, in the mean values of ADCst 
or DDC, respectively (all P<0.05). 

The α values have no significant correlation 
with the HF stages. The parameter α, which 
characterizes the deviation from mono-expo-
nential decay in the stretched-exponential mo- 
dels, is supposed to represent an increase in 
intravoxel heterogeneity. Nevertheless, the bio-
logical explanation of the increase in intravoxel 
heterogeneity has not yet been defined so far. 
Previous studies showed the increase in intra-
voxel heterogeneity in malignant tumors and 
reported the finding is a sign of brain tumor 
invasion [16, 17, 29-32]. In the study, our result 
demonstrated a lack correlation between HF 
stages and the α value. We also found that the 
fibrosis stage 0, stage 0-1 and stage 0-2 had no 
significant differences in α values when com-

Table 4. Comparison of mean values between fibrosis stages

Parameter
F0 and F1-F4 Values F0-F1 and F2-F4 Values F0-F2 and F3-F4 Values

Mean ± SD Mean ± SD Mean ± SD
ADCst* 1.41±0.11 1.14±0.16 1.34±0.20 1.13±0.13 1.27±0.20 1.12±0.14
DDC* 1.03±0.10 0.82±0.09 0.99±0.12 0.81±0.09 0.94±0.12 0.77±0.08
α 0.57±0.06 0.55±0.04 0.57±0.05 0.54±0.04 0.56±0.04 0.54±0.05
P value
    ADCst* 0.000 0.003 0.014
    DDC* 0.000 0.000 0.000
    α 0.248 0.103 0.116
* = (× 10-3 mm2/s).
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Figure 4. Analysis of ADCst, DDC and α in distinguishing stages of HF by ROC curve. A. ROC analysis for ADCst, DDC and α to distinguish HF stage 1 or greater ((F0 
vs. F1-F4). B. ROC analysis for ADCst, DDC and α to distinguish HF stage 2 or greater (F0-F1 vs. F2-F4). C. ROC analysis for ADCst, DDC and α to distinguish HF stage 
3 or greater (F0-F2 vs. F3-F4).
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pared with the fibrosis stage 1-4, stage 2-4 and 
stage 3-4, respectively. Hence, no clear evi-
dence of increasing stages of HF accompanied 
by an increase in intrvoxel heterogeneity were 
detected using the stretched-exponential 
model [17]. 

According to the ROC analysis, the AUC values 
of ADCst for differentiating group F0 from 
F1-F4, F0-F1 from F2-F4, F0-F2 from F3-F4 
were 0.912, 0.850, 0.741, respectively (all P< 
0.05; Table 5). The AUC values of DDC for dif-
ferentiating F0 from F1-F4, F0-F1 from F2-F4, 
F0-F2 from F3-F4 were 0.948, 0.903, 0.879, 
respectively (all P<0.05; Table 5). The AUC val-
ues of α for differentiating F0-F1 from F2-F4 
were 0.730 (P<0.05) and was lower than that  
of DDC and ADCst, However, α was not a signifi-
cant parameter for differentiating F0 from 
F1-F4, F0-F2 from F3-F4 (P = 0.077, 0.085, 
respectively; Table 5). The results indicate that 
the ADCst and DDC were significant parame-
ters for differentiating the above-mentioned 
groups (all the AUC values between 0.7 and 
0.9). Moreover, our results demonstrated for 
the first time that DDC showed a slightly better 
diagnostic ability than ADCst for differentiating 
the above-mentioned groups. Therefore, we 

could consider that DDC demonstrates a more 
accurate description of diffusion in the pres-
ence of multi-exponential models [14, 15, 30, 
32]. It is generally accepted that patients with-
out HF or with early HF (F0-F1) have a lower risk 
for hepatocellular carcinoma or liver failure, 
while significant HF (F2-F4) is a prediction of 
future hepatic cirrhosis and is also an indicant 
for therapy in hepatitis C patients [33]. Previous 
studies [8, 34, 35] have reported that HF stage 
0-2 is described as mild-moderate fibrosis, and 
its progression can be prevented by clinical 
intervention and treatment. However, it is diffi-
cult to reverse HF stage 3-4 which is described 
as advanced HF. Hence, we believe that DDC 
may have important greater clinical implica-
tions for guiding clinical treatment and assess-
ing the effect of the therapy for patients with 
chronic liver diseases than ADCst.

A moderate positive correlation of ADCst with 
the potentially more accurate DDC values of 
the HF was discovered in the study (r = 0.596). 
This finding could be explained by the stretched-
exponential model. Reviewing Eqs. (1) (Sb/S0 = 
exp (-b × ADC)) and Eqs. (2) (Sb/S0 = exp (-b × 
DDC)α), we could obtain the following equation: 
ADC = ba-1 × DDCa. (3) when b × DDC = 1 (regard-
less of a value) or when a = 1 (regardless of 
b-value or DDC), DDC≈ADC. If a<1, and b × 
DDC>1, DDC will be higher than ADC. In con-
trast, if a<1, and b × DDC<1, DDC will be lower 
than ADC. While the degree of agreement 
between ADCst and DDC in the study is lower 
than the previous studies [30, 36] which found 
a strong positive correlation (R = 0.9716, 0.99, 
0.98, 0.99, all P<0.05) between ADCs and 
DDCs of high-grade gliomas, prostate cancer, 
normal peripheral zone and normal central 
gland tissues. At present, this finding could not 
yet be clearly explained. For the moment it is 
still indistinct if, and to what extent, DDCs and 
ADCs of other diseases agree. Hence, this 
issue remains conjectural and further study is 
needed.

There are a few limitations to the study. First, 
the number of subjects was small, although 
prior studies have had similar small numbers of 
cases [37]. We plan on performing a study with 
a large number of patients in each fibrosis 
stage. Second, we didn’t analyze fat or iron 
deposition in HF and didn’t know whether they 
might affect the ADCst, DDC, and α values. 
Further work will be conducted to explore these 
possibilities. 

Table 5. Comparison of ADCst, DDC and α in 
predicting and staging HF according to opti-
mal cutoff values

Parameter F0/ 
F1-F4

F0-F1/
F2-F4

F0-F2/
F3-F4

ADCst*
    Cutoff value 1.275 1.215 1.205
    AUC 0.912 0.850 0.741
    Sensitivity (%) 100 92.9 69.6
    Specificity (%) 80 81 83.3
    P 0.000 0.001 0.021
DDC*
    Cutoff value 0.905 0.855 0.845
    AUC 0.948 0.903 0.879
    Sensitivity (%) 100 92.9 78.3
    Specificity (%) 84 76.2 83.3
    P 0.000 0.000 0.000
α
    Cutoff value 0.562 0.562 0.564
    AUC 0.694 0.730 0.679
    Sensitivity (%) 80 78.6 52.2
    Specificity (%) 68 76.2 83.3
    P 0.077 0.023 0.085
* = (× 10-3 mm2/s).
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In conclusion, ADCst and DDC showed a sig- 
nificant correlation with significant HF. Furth- 
ermore, DDC showed a higher diagnostic per-
formance than ADCst for discriminating HF 
stages. Therefore, our study demonstrates the 
stretched-exponential and mono-exponential 
model of multiple-b value DWI may provide a 
noninvasive quantitative method of assessing 
and staging HF. We further believe the param-
eters (DDC, ADCst) could be used as an alterna-
tive marker for HF, offering help in the clinical 
diagnosis of HF, monitoring its progression, 
guiding therapy and assessing the effect of 
treatment.
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