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Abstract
Purpose  To compare the diagnostic value of apparent diffusion coefficient (ADC) and intravoxel incoherent motion metrics 
in discriminating histologic grades of hepatocellular carcinoma (HCC) in patients with hepatitis B virus (HBV) infection.
Methods  117 chronic HBV patients with 120 pathologically confirmed HCCs after surgical resection or liver transplantation 
were enrolled in this retrospective study. Diffusion-weighted imaging was performed using eleven b values (0–1500 s/mm2) 
and two b values (0, 800 s/mm2) successively on a 3.0 T system. ADC0, 800, ADCtotal, diffusion coefficient (D), pseudodiffusion 
coefficient (D*), and perfusion fraction (f) were calculated. The parameters of three histologically differentiated subtypes 
were investigated using Kruskal–Wallis test, Spearman rank correlation, and receiver-operating characteristic analysis. 
Interobserver agreement was assessed using the intraclass correlation coefficient.
Results  There was excellent agreement for ADCtotal/D/f, good agreement for ADC0,800, and moderate agreement for D*. 
ADCtotal, ADC0, 800, D, and f were significantly different for well, moderately, and poorly differentiated HCCs (P < 0.001), and 
they were all inversely correlated with histologic grades: r = − 0.633, − 0.394, − 0.435, and − 0.358, respectively (P < 0.001). 
ADCtotal demonstrated higher performance than ADC0,800 in diagnosing both well and poorly differentiated HCCs (P < 0.001 
and P = 0.04, respectively). ADCtotal showed higher performance than D and f in diagnosing well differentiated HCCs 
(P < 0.001) and similar performance in diagnosing poorly differentiated HCCs (P = 0.06 and 0.13, respectively).
Conclusions  ADCtotal showed better diagnostic performance than ADC0,800, D, and f to discriminate histologic grades of 
HCC.

Keywords  Diffusion-weighted imaging · Apparent diffusion coefficient · Intravoxel incoherent motion · Hepatocellular 
carcinoma · Histologic grade

Introduction

Hepatocellular carcinoma (HCC) is the fifth-most common 
malignancy and the third leading cause of cancer death 
worldwide, with increasing incidence and mortality [1, 2]. 
Surgical resection is regarded as one of the most effective 
treatments for HCC. However, the prognosis of patients 
with HCC remains poor with a 5-year recurrence of up 
to 70% [3]. Histologic grade is one of the most important 
factors affecting patient prognosis. Poorly differentiated 
HCC is associated with higher recurrence and worse sur-
vival compared with well and moderately differentiated 
HCC after surgical resection [4–6]. Therefore, preopera-
tive prediction of HCC grade is important in the selection 
of treatment strategies and may assist in the prediction of a 
patient’s prognosis. Preoperative biopsy is not widely used 

Qungang Shan and Sichi Kuang have contributed equally to this 
work.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0026​1-019-02253​-3) contains 
supplementary material, which is available to authorized users.

 *	 Jin Wang 
	 wangjin3@mail.sysu.edu.cn

1	 Department of Radiology, The Third Affiliated 
Hospital of Sun Yat-Sen University, 600 Tianhe Rd., 
Guangzhou 510630, Guangdong, People’s Republic of China

2	 Department of Radiology, MeiZhou People’s Hospital, 
Meizhou Affiliated Hospital of Sun Yat-Sen University, 
Huangtang Road, Meizhou 514031, Guangdong, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00261-019-02253-3&domain=pdf
https://doi.org/10.1007/s00261-019-02253-3


91Abdominal Radiology (2020) 45:90–100	

1 3

due to its invasiveness, complications and risk of sample 
error [7]. Therefore, noninvasive biomarkers able to accu-
rately predict the grade of HCC are urgently needed.

Diffusion-weighted imaging (DWI) is a noninvasive 
and noncontrast functional imaging technique based on 
the diffusion of water molecules in vivo and has shown 
great promise in the detection and characterization of focal 
liver lesions [8–10]. In clinical practice, DWI is usually 
performed with two b values in which an apparent dif-
fusion coefficient (ADC) is calculated by fitting these b 
values into a monoexponential model. Several previous 
studies have evaluated the correlation of ADC values or 
signal intensity with histologic grade of HCC preopera-
tively [11–18]. However, ADC is overestimated due to 
the ‘‘pseudodiffusion’’ effect [8]. Moreover, it is depend-
ent on the b values used which may vary across studies 
and investigational centers [19]. Thus, there have been 
conflicting results regarding the correlation of ADC val-
ues with histologic grade of HCC. Most previous studies 
reported that ADC value of poorly differentiated HCC was 
significantly lower than those of well and/or moderately 
differentiated HCC [11, 12, 14, 15, 17], while some other 
studies reported no correlation between ADC and histo-
logic grade of HCC [16, 18].

Le Bihan et al. [20] first proposed the intravoxel inco-
herent motion (IVIM) model to describe the relationship 
between signal attenuation and increasing b values. Based 
on a biexponential model, quantitative metrics that repre-
sent the diffusion of water molecules and the microcircula-
tion of tissue separately were derived using multi-b value 
DWI. IVIM has been used in the prediction of histologic 
grade of HCC. However, the diagnostic performance of 
these approaches has been contradictory [21–23]. ADC 
and diffusion coefficient (D) were significantly lower in 
poorly differentiated HCC compared with well and mod-
erately HCC in the above studies. Granata et al. [22] and 
Shan et al. [23] reported that perfusion fraction (f) value 
of poorly differentiated HCC was also significantly lower 
than that of well and moderately HCC, while Woo et al. 
[21] reported that f did not show significant difference 
among different groups. In addition, it will take longer 
time to obtain IVIM metrics compared with conventional 
two-b value DWI and whether it is worthwhile to perform 
multi-b value DWI remains  controversial. The optimiza-
tion of a DWI protocol would facilitate accurate prediction 
of histologic grade of HCC and proper selection of treat-
ment strategies for HCC. Therefore, this study aimed to 
determine the diagnostic performance of IVIM parameters 
calculated using a biexponential model and ADC obtained 
with multi-b value and two-b value DWI using a mono-
exponential model in differentiating histologic grades of 
hepatitis B virus (HBV)-related HCC.

Materials and methods

Study population

The retrospective study was approved by the institutional 
review board and written informed consent was waived. 
211 patients who were suspected for HCC underwent 
liver MRI and following operation between June 2015 
and May 2017 at our institution. All patients underwent 
11 b value DWI ranging from 0 to 1500 s/mm2 and 2 b 
value DWI (b = 0, 800 s/mm2). 94 patients were excluded 
for the following reasons: (a) patients with histologically 
confirmed cholangiocarcinoma (n = 13), mixed HCC/chol-
angiocarcinoma (n = 4), and metastasis (n = 2); (b) patients 
underwent preoperative transcatheter arterial chemoembo-
lization (n = 32); (c) patients had non-HBV related HCC 
(n = 8); (d) the interval between the MR exam and opera-
tion was more than one month (n = 2); (e) the size of the 
lesion was less than 1 cm (n = 20); (f) extensive necrosis 
and hemorrhage was present within tumor affecting meas-
urement (n = 3); and (g) there was slice misregistration 
or distinct motion artifacts (n = 10). Overall, 117 HBV-
related HCC patients (100 males and 17 females; age range 
25–79 years; mean, 52.7 ± 12.5 years; BMI, 27.2 ± 4.2) 
with 120 postoperation pathologically confirmed HCCs 
were included: 103 lesions located on the right lobe and 
17 lesions located on the left liver lobe. The baseline char-
acteristics of the included patients are shown in Table 1.

MRI scan

All MR imaging was performed on a 3.0T whole-body 
MR scanner (Discovery MR750, GE Healthcare, Mil-
waukee, WI). An eight-channel phased-array abdominal 
coil was used. Respiratory-triggered (RT) axial diffusion-
weighted single-shot echo-planar imaging was performed 
with 11 b values (b = 0, 30, 50, 100, 150, 200, 300, 500, 
800, 1000, and 1500 s/mm2) and 2 b values (b = 0, 800 s/
mm2) successively using the following parameters: rep-
etition time/echo time (TR/TE) = (6000–10,000)/56 ms, 
flip angle = 90°; matrix size = 128 × 128; field of view 
(FOV) = 30 × 30 cm, receiver band width = 250 kHz/pixel, 
slice thickness = 5 mm, and slice gap = 1 mm. The num-
ber of excitation (NEX) was 4 for 2b values (b = 0, 800 s/
mm2) and 1, 1, 1, 1, 1, 1, 2, 4, 4, 6, and 6, respectively, 
for the 11 b values (ranging from 0 to 1500 s/mm2) DWI. 
The fat-suppression scheme was chemical shift selective 
saturation (CHESS). The total acquisition times of multi-b 
value DWI and two-b value DWI approach which depends 
on the respiration rate of the patient and includes respira-
tory interval were 4–7 min and 1.5–4.5 min, respectively. 
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The other sequences used included fast imaging employ-
ing steady-state acquisition (FIESTA), single-shot fast spin 
echo (SSFSE), T2WI, and liver acquisitions with volume 
acceleration (LAVA). After contrast agent injection, arte-
rial, portal venous, and delayed phases were acquired at 
15–20 s, 60 s, and 180 s, respectively. The detailed infor-
mation of these sequences was reported in a previous study 
[24].

Monoexponential and biexponential model of DWI

In conventional DWI, the signal decrease caused by the dif-
fusion can be described with a monoexponential function:

where S0 and Sb are the signal intensity obtained at b = 0 s/
mm2 and a given b value, respectively. The ADC0,800 and 
ADCtotal were calculated by fitting b = 0, 800 s/mm2 and 
all 11 b values into a simplified monoexponential model, 
respectively.

The biexponential fitting model of IVIM theory assumed 
diffusion and perfusion compartments which both contribute 

Sb∕S0 = exp(−bADC)

to signal attenuation. The model is described using the equa-
tion proposed by Le Bihan et al. [20] as follows:

where Sb is the signal intensity of a b value, S0 is the signal 
intensity of b = 0 s/mm2, D is the true diffusion coefficient 
representing pure molecular diffusion, pseudodiffusion coef-
ficient (D*) is the pseudodiffusion coefficient representing 
perfusion-related diffusion, and f is the perfusion fraction 
representing the fraction of diffusion associated with micro-
circulation. A typical multistep approach was used to sepa-
rate the diffusion and perfusion effects [24, 25].

Image analysis

All imaging data were transferred to a vendor provided 
software (Functool on GE Advantage Workstation 4.6, GE 
Healthcare) for image processing and analysis. The location 
and size of HCC was confirmed by reviewing DWI, T2WI 
and dynamic enhancement images by two trained radiolo-
gists (QGS and SCK, with 4 and 12 years of experience in 
interpretation of liver MRI, respectively) who were blinded 
to the histologic results after reaching a consensus. The two 

Sb∕S0 = (1 − f ) exp(−bD) + f exp(−bD ∗)

Table 1   Comparison of patient characteristics according to histologic grade

Unless otherwise indicated, data are number of patients, with percentage in parentheses. Categorical variables were compared by using the Chi 
square test or Fisher exact test
BMI Body Mass Index, AFP alpha fetal protein, W well, M moderately, P poorly
*Data are continuous variables, reported as means ± standard deviations, and were compared by using the one-way ANOVA
#  Data are continuous variables, reported as median (minimum–maximum), and were compared by using the Kruskal–Wallis test

Characteristics Values P value

Total cohort W-differentiated M-differentiated P-differentiated

Mean age (years)* 52.7 ± 12.5 55.9 ± 11.1 53.3 ± 12.9 48.3 ± 10.3 0.106
Gender 0.929 
 Men 100 (85.5) 18 (81.8) 63 (86.3) 19 (86.4)
 Women 17 (14.5) 4 (18.2) 10 (13.7) 3 (13.6)

BMI* 27.2 ± 4.2 26.9 ± 3.7 26.9 ± 4.5 28.4 ± 4.7 0.338
Child–Pugh classification 0.863 
 Grade A 85 (72.6) 15 (68.2) 53 (72.6) 17 (77.3)
 Grade B 29 (24.8) 7 (31.8) 17 (23.3) 5 (22.7)
 Grade C 3 (2.6) 0 (0) 3 (4.1) 0 (0)

AFP level (ng/ml)# 178.4 (1–1210) 8.9 (2–1000) 389.1 (1–1210) 597.9 (2–1210) <0.001 
Size of tumor (mm)* 57.8 ± 39.0 34.3 ± 22.3 56.9 ± 38.9 86.6 ± 39.8 < 0.001
Enhancement pattern 0.767 
 Typical 112 (93.3) 23 (95.8) 69 (93.2) 20 (90.9)
 Atypical 8 (6.7) 1 (4.2) 5 (6.8) 2 (9.1)

Treatment option 0.445
 Surgical resection 112 (95.7) 22 (100) 70 (95.9) 20 (90.9)
 Liver transplantation 5 (4.3) 0 (0) 3 (4.1) 2 (9.1)

Time interval between the MR 
exam and surgery (day)*

9.5 ± 4.7 9.7 ± 5.5 9.8 ± 4.7 8.0 ± 3.6 0.264
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reviewers placed a single region of interest (ROI) on the 
representative slice with the maximum tumor cross section 
independently. ROIs were manually drawn on the axial b800 
images and were checked on all b images to contain as much 
solid component as possible and were about 5 mm away 
from the margin to minimize partial volume effects [26]. 
After analyzing dynamic enhancement images and T2WI 
images, necrosis and hemorrhage were avoided. All the 
ROIs were copied and transferred to ADC0,800, ADCtotal, and 
IVIM-derived maps for measurement (Fig. 1). ADC0, 800 and 
ADC total were calculated by fitting b = 0, 800, and all 11 
b values into the monoexponential model, respectively. D, 
D*, and f were calculated using the biexponential model. 
The values of the above metrics generated by the two radi-
ologists were averaged for further analyses. The two sets of 
data were used to calculate the interobserver agreement of 
measurements.

Histologic analysis

The histologic specimens were obtained from surgical resec-
tion or liver transplantation in all patients. All lesions were 
macroscopically located according to the Couinaud classi-
fication of hepatic segment of I–VIII. All tissue slices were 
stained with hematoxylin and eosin, and were analyzed by a 
pathologist with 21 years of experience who was blinded to 
the clinical data and MRI results. According to International 
Working Group classification system, HCC was divided into 
well, moderately, and poorly differentiated groups [27]. 
When the evaluated lesion included tissues of different dif-
ferentiations, the most predominant component of the tumor 
was selected to represent the entire lesion for analysis.

Imaging‑pathologic correlation

After finishing the image analysis, the two trained radi-
ologists mentioned above reviewed the pathologic reports 
including size, number, shape, location, and histologic grade 
of HCC, and the imaging-pathologic correlation was per-
formed. If two or more lesions were in a patient, they were 
distinguished by the information of location and size accord-
ing to the pathologic reports.

Statistical analysis

To compare patient characteristics according to histologic 
grade, categorical variables were analyzed using Chi-
square test or Fisher exact test and continuous variables 
were compared using one-way ANOVA or Kruskal–Wallis 
test. The Kruskal–Wallis test was used to compare ADCtotal, 
ADC0, 800, D, D*, and f values of the three groups and Bon-
ferroni correction was used for post hoc tests. Spearman’s 
rank correlation was used to assess the correlation among the 

five metrics of histologically differentiated HCCs. Receiver 
operating characteristic (ROC) analysis was performed to 
evaluate and compare the performance of the above parame-
ters in differentiating HCCs with different histologic grades. 
Binary logistic regression combined with ROC was used to 
evaluate the joint diagnostic performance of two or more 
parameters. The method of Delong et al. [28] was used to 
compare the areas under the ROC curve. To assess interob-
server agreement, the intraclass correlation coefficient (ICC; 
two-way random effects model) was calculated for ADCtotal, 
D, D*, f, and ADC0,800 values in the same lesion along with 
95% confidential intervals. ROC analyses were performed by 
MedCalc13.0 (MedCalc Software bvba, Ostend, Belgium), 
box plots were generated by GraphPad Prism, version 6.02 
(GraphPad Software, La Jolla, Calif), and other statistical 
analyses were performed by using SPSS 22.0 (IBM Corp, 
U.S.A). P < 0.05 was considered statistically significant in 
all statistical analyses.

Results

Histologic grade of HCC

Histologic specimens of 109 patients with one lesion and 3 
patients with two lesions were obtained from surgical resec-
tion. Histologic specimens of 5 patients with one lesion were 
obtained from liver transplantation. According to the results 
of histologic analysis, the lesions were divided into three 
subgroups: well differentiated (n = 24), moderately differen-
tiated (n = 74), and poorly differentiated (n = 22).

ADCtotal, ADC0, 800, and IVIM parameters 
among different HCC groups

ADCtotal, ADC0,800, and IVIM parameters of well, moder-
ately, and poorly differentiated HCCs are shown in Table 2. 
ADCtotal, ADC0,800, D, and f values were significantly 
different among the three groups (P < 0.001). ADCtotal, 
ADC0,800, D, and f values of well differentiated HCCs were 
significantly higher than those of moderately (P < 0.001, 
P = 0.002, P < 0.001 and P = 0.007, respectively) and poorly 
differentiated HCCs (P < 0.001). The ADCtotal value of mod-
erately differentiated HCCs was significantly higher than 
that of poorly differentiated HCCs (P = 0.009), while no 
significant difference was noted between these groups in 
terms of ADC0,800, D, or f values (P = 0.42, P = 0.308 ,and 
P = 0.243, respectively). No significant difference was found 
in D* value among the three groups (P = 0.514). ADCtotal, 
ADC0,800, D, and f were all inversely correlated with his-
tologic differentiation: r = − 0.633, r = − 0.394, r = − 0.435, 
and r = − 0.358 (P < 0.001), respectively, demonstrating 
that the worse the differentiation, the lower these values are 
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Fig. 1   A surgically confirmed 
poorly differentiated HCC in a 
55-year-old man. a Axial fat-
suppressed T2WI image of the 
liver showed a slightly hyper-
intense focal liver lesion. b 
Axial diffusion-weighted image 
with b = 800 s/mm2 showed an 
obviously hyperintense focal 
liver lesion. c–f Mapping of the 
estimated value of ADCtotal, D, 
D*, and f calculated using all 11 
b values, respectively. g Graph 
of signal attenuation versus b 
values for HCC showed steep 
slope at low b-values (< 200 s/
mm2), which was suggestive 
of perfusion effects. h Map-
ping of the estimated value 
of ADC0,800 calculated using 
two b values (0.800 s/mm2). 
The mean values of ADCtotal, 
D, D*, f, and ADC0,800 of the 
tumor were 0.60 × 10−3mm2/
s, 0.55 × 10−3mm2/s, 
8.69 × 10−3mm2/s, 18.2%, and 
0.90 × 10−3mm2/s, respectively
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(Fig. 2). However, D* values were not significantly corre-
lated with histologic differentiation (r = − 0.09, P = 0.328). 

Performances of ADCtotal, ADC0,800, and IVIM metrics 
for discriminating different histologic subgroups

The area under the ROC curve (AUC-ROC) of ADCtotal, 
ADC0,800, D, and f for diagnosing well differentiated HCC 
was 0.925, 0.755, 0.812, and 0.736, respectively, and the 
AUC-ROC of these metrics for diagnosing poorly differ-
entiated HCCs was 0.800, 0.660, 0.685, and 0.674, respec-
tively. The sensitivity, specificity, and cutoff values of the 
above metrics are shown in Tables 3 and 4. The AUC-ROC 
of ADCtotal was greater than that of ADC0,800 in diagnos-
ing both well and poorly differentiated HCC (P < 0.001 and 
P = 0.04, respectively). The AUC-ROC of ADCtotal was 
greater than that of D and f in diagnosing well differentiated 
HCCs (P < 0.001), but there was no difference for diagnos-
ing poorly differentiated HCCs (P = 0.06 and 0.13, respec-
tively). The AUC-ROC of D, f, and ADC0,800 for diagnosing 
well and poorly differentiated HCCs were not significantly 
different (Supplementary Tables 1, 2). Combining f, the 
specificity of D for the diagnosis of well differentiated HCC 
increased to 86.5%. However, the combination of parameters 
did not bring additional improvement to the performance 
in diagnosing poorly differentiated HCC using the same 
method. 

Interobserver agreement of measurements

There was excellent agreement for ADCtotal, D, and f; good 
agreement for ADC0,800; and moderate agreement for D* 
(Table 5).

Discussion

Preoperative evaluation of histologic grade of HCC is help-
ful to modify treatment plan and predict prognosis [6]. In this 
study, in order to discriminate poorly or well differentiated 

HCC, the other two groups were incorporated, which was 
previously used in several previous studies [11, 14]. The 
present study evaluated and compared the diagnostic accu-
racy of ADCtotal, ADC0,800, and IVIM-derived parameters 
for differentiating histologic grade of HBV-related HCC. 
Our study demonstrated that ADCtotal, ADC0,800, and IVIM 
parameters D and f can be used for the discrimination of his-
tologic grade of HBV-related HCC, that they were inversely 
correlated with histologic grade and that ADCtotal demon-
strated the highest diagnostic performance. In addition, the 
analysis of combined D and f increased diagnostic specificity 
for well differentiated HCC.

Chronic HBV infection is the main risk factor of HCC in 
Asia and the characteristics of HBV-related HCC are differ-
ent from those of HCC with other factors [29]. HBV-related 
HCC is more frequent in male and shows a more advanced 
stage with better liver function compared with HCC caused 
by other etiologies when it is detected [30, 31]. Therefore, 
we focused on HBV-related HCC in this study. It would be 
useful to perform a similar study in patients with different 
etiologies in the future.

ADCtotal, ADC0,800, and D were inversely correlated with 
histologic grade, which is consistent with previous stud-
ies [21–23]. The decreases in ADC and D with histologic 
grade may be explained by the increased cellular density and 
nuclear/cytoplasmic ratio which may restrict the diffusion 
of water molecule [21]. The decrease in f values with the 
increasing histologic grade is consistent with previous stud-
ies [22, 23] and may be explained by a reduced blood circu-
lation through tumor capillaries [32]. D* was not correlated 
with histologic grade and this may be due to its instability 
as reported previously [19, 33].

Table 2   ADCtotal, ADC0,800, and IVIM parameters of different histologic differentiated HBV-related HCCs

Numbers in parentheses are ranges (minimum–maximum)
*Data are median values

Parameter Well differentiated (n = 24) Moderately differenti-
ated (n = 74)

Poorly differentiated (n = 22) P

ADCtotal (× 10−3 mm2/s) 1.13 (0.90–1.40) 0.89 (0.70–1.50) 0.75 (0.50–1.20) < 0.001
D (× 10−3 mm2/s) 0.90 (0.72–1.26) 0.77 (0.44–1.08) 0.74 (0.52–0.97) < 0.001
D* (× 10−3 mm2/s) 12.0 (3.1–46.8) 11.9 (4.30–60.1) 14.8 (5.2–27.8) 0.514
f (%) 26.1 (18.6–41.9) 21.6 (13.3–51.2) 19.8 (11.2–28.0) < 0.001
ADC0,800 (× 10–3 mm2/s) 1.20 (1.01–1.51) 1.11 (0.89–1.51) 1.04 (0.89–1.48) < 0.001

Fig. 2   Box-and-whisker plots showing values of a ADCtotal, b D, c 
D*, d f, and e ADC0,800 according to histologic grades of HCC. Boxes 
stretch across from the lower quartile (25th percentile) to the upper 
quartile (75th percentile); whiskers represent the range of the values; 
and the horizontal line inside each box represents median values. 
W-well differentiated, M-moderately differentiated, P-poorly differen-
tiated

◂
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In our study, ADCtotal demonstrated superior diagnostic 
performance compared with IVIM-derived parameters D 
and f, which was consistent with the results of Granata et al. 
[22] and Shan et al. [23] and inconsistent with the results of 
Woo et al. [21]. This may be because ADCtotal is a composite 
metric containing both pure diffusion (D) and microcircula-
tion (f) which may have cooperative effects that lead to better 
performance in the discrimination of histologic grades. We 
found that similar studies which reported that ADC showed 
better or similar performance compared with D in discrimi-
nating benign and malignant focal liver lesions [34–38] were 
even more than those which reported that D performed better 
than ADC [39]. The cause of the results may be similar with 
that mentioned above [35, 36]. Therefore, the diagnostic per-
formance of ADC and D may be different in various situ-
ations. To the best of our knowledge, no consensus on this 
subject has been reached, and further studies with a larger 
sample size are warranted.

Previous studies have tried to find optimal b values for 
DWI of liver tumors but no consensus has been reached [40, 
41]. In our study, b values of 0 and 800 s/mm2 were selected 
based on previous studies [40, 42]. ADC calculated by using 
b values of 0 and 800 s/mm2 may better reflect the diffu-
sion process compared to that obtained using b values of 0 
and 500 s/mm2 [40], and ADC0,800 showed better diagnostic 
performance for the discrimination of benign and malignant 
liver lesions compared with ADC0,600 and ADC0,1000 [42]. 
In our current study, ADC0,800 was inversely correlated with 
histologic grade (r = − 0.394), which was similar to the find-
ings by Tang et al. [15] who also used b values of 0 and 
800 s/mm2 (r = − 0.462).

Unlike conventional monoexponential DWI, the biexpo-
nential IVIM model can be used to derive both microcircu-
lation and tissue diffusion parameters using multi b value 
DWI [19]. However, no consensus has been reached on the 
number and range of b values used for IVIM [19]. Since 

Table 3   Diagnostic 
performances of ADC 
and IVIM parameters 
for distinguishing 
well differentiated HCC 
from moderately and poorly 
differentiated HCC

AUC​ area under the curve
*Numbers in parentheses were 95% confidence intervals (CIs)

Parameters AUC (95% CI*) Sensitivity (%) Specificity (%) Cutoff value

ADC0,800 (× 10−3 mm2/s) 0.755 (0.655–0.855) 83.3 68.7 1.14
ADCtotal (× 10−3 mm2/s) 0.925 (0.876–0.973) 91.7 86.5 1.07
D (× 10−3 mm2/s) 0.812 (0.729–0.895) 91.7 63.5 0.81
f (%) 0.736 (0.639–0.833) 95.8 49.0 20.5
D + f 0.854 (0.782–0.926) 75.0 86.5 0.27

Table 4   Diagnostic 
performances of ADC 
and IVIM parameters 
for distinguishing poorly 
differentiated from moderately 
and well differentiated HCC

AUC​ area under the curve
*Numbers in parentheses were 95% confidence intervals (CIs)

Parameters AUC (95% CI*) Sensitivity (%) Specificity (%) Cutoff value

ADC0,800 (× 10−3 mm2/s) 0.660 (0.520–0.800) 68.2 72.4 1.06
ADCtotal (× 10−3 mm2/s) 0.800 (0.693–0.907) 77.3 80.6 0.80
D (× 10−3 mm2/s) 0.685 (0.567–0.802) 90.9 42.9 0.83
f (%) 0.674 (0.555–0.792) 86.4 41.8 24.1
D + f 0.759 (0.665–0.853) 90.9 56.1 0.13

Table 5   Interobserver 
agreement of ADCtotal, 
ADC0,800, and IVIM parameters 
in HBV-related HCCs

ICC intraclass correlation coefficient
*Data are median values. Numbers in parentheses are ranges (minimum–maximum)

Parameter Observer 1 Observer 2 ICC (range)

ADCtotal (× 10−3 mm2/s) 0.91 (0.47–1.58) 0.89 (0.59–1.39) 0.821 (0.743–0.875)
D (× 10−3 mm2/s) 0.79 (0.49–1.26) 0.80 (0.39–1.25) 0.894 (0.848–0.926)
D* (× 10−3 mm2/s) 11.40 (4.20–46.20) 11.55 (1.40–78.00) 0.486 (0.336–0.611)
f (%) 22.2 (11.0–53.2) 21.3 (11.2–49.2) 0.865 (0.806–0.906)
ADC0,800 (× 10−3 mm2/s) 1.13 (0.88–1.61) 1.09 (0.81–1.51) 0.778 (0.682–0.845)
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more lower b values (< 100–200 s/mm2) should be used 
to acquire perfusion sensitive information [19] and meas-
urements at higher b values are more stable and sensitive 
to reflect diffusion and can provide better conspicuity for 
tumor detection [19, 43], we selected 11 b values ranging 
from 0 to 1500 s/mm2 with 6 b values ≤ 200 s/mm2 and 4 
b values ≤ 100 s/mm2. In our study, the b values were in 
low-to-intermediate b value range (≤ 1500 s/mm2), and non-
Gaussian behaviors were not evident [43]. The number and 
value of b values used in our study were similar to those 
in recent IVIM studies (ranging from 0 to 1200 to 1500 s/
mm2) in which diffusion and microcirculation characteristics 
were investigated [24, 44]. In a recent liver IVIM study, 13 
b values from 0 to 1200 s/mm2 were used, and the NEX 
for 1200 s/mm2 was 8 [44]. In our study, we minimize the 
effect of higher b values on signal-to-noise ratio (SNR) by 
setting the number of excitations (NEX) for 1500 s/mm2 at 
6. In future studies, it may be helpful to use lower max b 
value (≤ 800 s/mm2). Our results demonstrate that the diag-
nostic performance of ADCtotal calculated with multiple b 
values was better than that calculated with two b values. 
Zhu et al. [37] reported that ADCtotal showed superior diag-
nostic performance compared to IVIM-derived parameters 
and ADC0,500 in the discrimination of malignant lesions 
from hemangiomas, which was similar to our findings in 
this study. Lemke et al. [45] reported that the acquisition 
of multiple b values improved the stability of the parameter 
estimation in the differentiation of pancreas carcinoma from 
healthy pancreatic tissue. Kim et al. [41] reported that the 
use of multiple b-values may improve the reproducibility 
of ADC measurements on RT DWI. One possible reason is 
that by fitting multiple b values the variability of ADC may 
be canceled out, resulting in a smaller measurement error 
and higher accuracy and reproducibility of parameters [41, 
46, 47]. Our results confirm this finding in the discrimina-
tion of histologic grade of HCC. Although longer acquisi-
tion times and more complicated calculations are needed to 
obtain ADCtotal, it would still be a better choice to fit multi-
ple b values for differentiating histologic grade of HCC due 
to its better performance compared with two b values. Voert 
et al. [46] reported that the largest gain in reducing error is 
in the range when moving from 4 to 11 b values and at least 
11 b values should be used for IVIM. However, a prolonged 
acquisition time caused by using more b values may lower 
the work efficiency and add to the suffering of patients. A 
previous study reported that good reproducibility of ADC 
using both 4 and 16 b values was obtained, and the precision 
and reproducibility of IVIM parameters calculated with 4 
b values were not reduced significantly compared to those 
calculated with 16 b values [33]. Therefore, on the basis of 
our preliminary finding in this study, decreasing the number 
of b values to reduce the scan time while guaranteeing the 

diagnostic performance and reproducibility of ADC values 
should be explored in the future study.

We found that D in combination with f provided better 
diagnostic specificity than each did alone and that the result 
was similar to ADCtotal for diagnosing well differentiated 
HCC using joint analysis. These findings indicate that IVIM 
provides more parameters which facilitate a better under-
standing of tissue characteristics of HCC and a combination 
of parameters may help provide more accurate differentia-
tion of histologic grade of HCC, which would permit more 
proper selection of treatment strategies for HCC. However, 
the combination of multiple parameters did not perform bet-
ter in diagnosing poorly differentiated HCC.

In this study, we used the conventional method of ROI 
drawing which were previously reported in many stud-
ies, and whole tumor analysis was not performed [21, 48]. 
Whole tumor analysis could capture the tumor heterogeneity 
better and have better reproducibility [44, 49], but it includes 
areas of necrosis and hemorrhage, and may not provide the 
true ADC values for solid component of tumor, which may 
result in more overlaps between different histologic grades 
[50]. In addition, whole tumor analysis takes longer time 
[50]. Although Wei et al. [44] reported that ADC and IVIM 
parameters generated from whole tumor analysis were sig-
nificantly correlated with histologic grade, their diagnostic 
performance was not better compared with one slice ROI. 
Xu et al. [49] reported that the AUC-ROC of the best param-
eters in discriminating poorly differentiated HCC from non-
poorly differentiated HCC was 0.763, which was lower than 
that of parameters generated form one-slice ROI [21–23]. 
A previous study reported that ADC generated from whole 
tumor analysis did not yield better results than one slice 
method in distinguishing low-grade gliomas from high-grade 
gliomas [50]. Some components of lesion such as necrosis 
were recommended to be excluded from the analysis [43]. 
To the best of our knowledge, the selection of ROI methods 
still remains debatable, and no consensus on this subject 
has yet emerged. Further studies on comparison of differ-
ent methods of ROI drawing are warranted. However, in 
this study, our main goal was to compare the effectiveness 
of mono and biexponential models of diffusion-weighted 
imaging in differentiating histologic grade of HBV-related 
HCC. Therefore, the comparison of different ROIs was not 
investigated in this study.

There were some limitations in our study. First, this was a 
single-center retrospective study, and while care was taken in 
selecting appropriate patients, retrospective analyses always 
carry some risk of selection bias. While the cohort values of 
HCC showed significant difference among different histolog-
icgrades, the findings warrant a separate validation patient 
cohort where the diagnostic threshold derived from this study 
is applied to this new cohort prospectively. Second, there were 
relatively few well and poorly differentiated HCCs in our 
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sample. More well and poorly differentiated HCC patients 
should be included in further studies. Third, the tumors were 
heterogeneous and some lesions included tissues of different 
histologic grades, and the most predominant component of the 
tumor was selected to represent the entire lesion for analysis, 
which may be one cause of overlap between groups for the 
parameters [15]. Fourth, the mean values of ADC and IVIM 
parameters were not enough to reflect the heterogeneity of 
HCC. Histogram analysis should be used in further studies 
to evaluate this problem. Fifth, cardiac gating was not used 
because the simultaneous application of both electrocardiog-
raphy and respiratory triggering sequence will significantly 
increase the scan time, which may reduce the clinical appli-
cability [51]. Therefore, work remains to be done in future 
studies for the better utilization of IVIM imaging of left liver 
lobe. Sixth, the test–retest reproducibility was not assessed 
because it was not ethical to scan a patient twice in routine 
clinical work. Finally, the algorithms of biexponential model 
are sophisticated and sometimes prone to deviations [52].

In conclusion, both ADC and IVIM parameters can be 
used in the discrimination of histologic grade of HBV-
related HCC and ADCtotal derived from a monoexponential 
model using multiple b-value DWI showed higher diagnostic 
accuracy compared with other metrics. The performance of 
ADC for differentiating histologic grade could be improved 
by fitting multiple b values.
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