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Abstract

Purpose: To evaluate histologic differentiation of hep-
atitis B virus (HBV)-related hepatocellular carcinomas
(HCCs) using apparent diffusion coefficient (ADC) and
intravoxel incoherent motion (IVIM)-derived metrics
and to compare findings with alpha-fetoprotein (AFP)
levels alone and in combination.
Materials and method: One hundred and six chronic
HBV-related HCC patients who underwent IVIM diffu-
sion-weighted magnetic resonance imaging with eleven
b values were enrolled. Mean ADC, diffusion coefficient
(D), pseudodiffusion coefficient (D*), and perfusion
fraction (f) values were determined for all detected
lesions. The metrics and AFP levels of different histo-
logically differentiated groups were compared. Spear-
man’s rank correlation was used to assess the statistical
dependence among the histologically differentiated
HCCs. Receiver operating characteristic (ROC) analysis
was performed to evaluate diagnostic performance of
these metrics and AFP levels alone and in combination.
Results: ADC, D, and f values and AFP levels were
significantly different among well-, moderately, and
poorly differentiated HCCs. The four metrics were
significantly correlated with histologic differentiation.
The area under the ROC curve (AUC-ROC) of ADC, D,
f, and AFP for diagnosing well-differentiated HCCs was
0.903, 0.84, 0.782, and 0.806, respectively, and the AUC-
ROC of above metrics for diagnosing poorly differenti-

ated HCCs was 0.787, 0.726, 0.624, and 0.633, respec-
tively. The combination of ADC and AFP provided an
AUC-ROC of 0.945 for well-differentiated HCC. How-
ever, this did not provide better performance for diag-
nosing poorly differentiated HCC.
Conclusion: ADC, IVIM metrics, and AFP levels may be
useful for evaluating histologic differentiation of HBV-
related HCCs, and the combination of ADC and AFP
provides better diagnostic performance for well-differ-
entiated HCC.
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Hepatocellular carcinoma (HCC) is the most common
primary malignancy of the liver. Histologic differentia-
tion is an important factor affecting patient prognosis.
Large tumor size, capsule formation, satellite lesions, and
microvascular invasion are more frequently found in
poorly differentiated HCCs compared with well- and
moderately differentiated HCCs. Surgical resection and
liver transplantation have been considered the most
effective treatments, but suffer from a high recurrence
rate, particularly with poorly differentiated lesions.
Therefore, evaluation of histologic differentiation is
helpful for selecting those HCC lesions that are more
amenable to treatment [1–3]. Alpha-fetoprotein (AFP) is
considered an independent prognostic factor which is
correlated with histologic differentiation [4, 5]. Diffu-
sion-weighted magnetic resonance imaging (DWI) could
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be used to characterize the diffusion process of molecules
in vivo. It has been used as a diagnostic tool for the
detection of tumor and the differentiation of benign and
malignant lesions. Several previous studies have used the
DWI calculated apparent diffusion coefficient (ADC) to
predict the histologic differentiation of HCCs before
surgery but the results are controversial [6–11]. Although
the field strength of MR scanners used in these studies
was 1.5 T in all cases, different b values ranging from 0 to
1000 s/mm2 were used. In addition, ADC could not re-
flect the pure molecular diffusion because of the ‘‘pseu-
dodiffusion’’ effect generated by blood flow, which
results in an overestimation of ADC values [12].

The concept of intravoxel incoherent motion (IVIM)
was initially proposed by Le Bihan et al. [12]. Using the
IVIM theory, the relationship between signal attenuation
and higher b values could be described more accurately
with quantitative metrics that separately reflect the
molecular diffusion of water and the microcirculation of
blood. Respiratory triggered (RT) IVIM-DWI has been
shown to generate good and reproducible image quality
[13]. According to a recent study [14], pseudodiffusion
tended to be underestimated in the liver when too few
low b values (0 < b<50 s/mm2) were included. Hence, it
is recommended that at least two low b values should be
used when performing liver IVIM-DWI. Woo et al. [15]
reported that ADC and pure diffusion coefficient
(D) were both inversely correlated with histologic grade
and D showed better diagnostic performance when eight
b values were used. In the aforementioned studies, HCC
patients with various etiologies were included. Among
the various causes of HCC, chronic hepatitis B virus
(HBV) infection is the main risk factor in most East
Asian countries. In China, chronic HBV infection is the
principal cause of HCC [16–18]. The tumor characteris-
tics and prognosis of HBV-related HCC are different
from those of HCC caused by other factors. Multiple
nodules, larger tumors, vascular invasion, and higher
serum AFP levels are more frequent in HBV-related
HCC compared with HCV-related HCC [19, 20].
Therefore, histological differentiation of HBV-related
HCC is needed. To our knowledge, no IVIM studies
have evaluated histologic differentiation of HCC groups
with a single etiology. It remains unclear whether the
ADC and IVIM metrics could discriminate well-, mod-
erately, and poorly differentiated HBV-related HCCs.
Therefore, this study aimed to investigate ADC and
IVIM-derived metrics for histologic differentiation of
HBV-related HCCs and to compare and combine the
metrics with AFP.

Materials and methods

Study population

The retrospective study was approved by the Institu-
tional Review Board, and written informed consent was

waived. After computerized search of the medical data, a
total of 156 patients with histologically-proven HCC
were included. All patients underwent liver MRI between
April 2014 and November 2015 at our institution. We
retrospectively assessed the images and clinical data of
these patients and 106 chronic HBV patients (94 males
and 12 females; age range 28–78 years; mean
50.9 ± 1.1 years; BMI 22.2 ± 0.3) with 109 pathologi-
cally confirmed HCCs (size range 14–150 mm; mean
47.9 ± 2.9 mm) were included in the final assessment
(Fig. 1). The time interval between MR exam and sur-
gery ranged from 1 to 28 days (mean 8.7 days). Fifty
patients were excluded for the following reasons: (a) the
needle-biopsy results may not truly reflect the accurate
histologic HCC grade because HCC is heterogeneous
and often contains different histologic grades (n = 5)
[10], (b) previous transcatheter arterial chemoemboliza-
tion (n = 18), (c) underlying risk factors other than
HBV infection alone (n = 5), (d) the time interval be-
tween the MR examination and surgery was greater than
1 month (n = 1), (e) the lesion size was below 1 cm

Fig. 1. Flowchart shows the patient selection process.
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thereby increasing the possibility of partial volume ef-
fects affecting accurate tumor grading [21] (n = 11),
(f) extensive necrosis and hemorrhage meant that no
enough measurable area was present (n = 2), (g) slice
misregistration or distinct motion artifacts which inter-
fered with image interpretation (n = 8).

Liver transplantation was performed in 4 patients and
surgical resection in the remaining 102 patients. Three
patients had two lesions and 103 patients had one lesion.
AFP was positive in 90 patients (ranging from 1 to
1210 ng/mL; mean 236.5 ± 32.5 ng/mL). Among the 106
patients, 94 were diagnosed with cirrhosis based on his-
tological presentation, MRI features, or clinical symptoms.
Liver function was assessed according to the Child–Pugh
classification: 77 patients were grade A, 27 patients grade
B, and 2 patients grade C. The differentiation of HCCs
was classified into three groups as follows: well-differenti-
ated (n = 18), moderately differentiated (n = 66) and
poorly differentiated (n = 25). Table 1 showed the base-
line characteristics of the included patients.

MRI and IVIM scan

All patients underwent MRI on a 3.0 T whole-body MR
scanner (Discovery MR750, GE Healthcare, Milwaukee,
WI) equipped with eight-channel phased array abdomi-
nal coil. All patients were required to fast for at least 4 h

before the examination. The patients were positioned in a
supine and feet first position, with arms raised to the
head. The scanning sequences used were as follows:
breath-hold (BH) coronal fast imaging employing stea-
dy-state acquisition (FIESTA), BH coronal single-shot
fast spin echo (SSFSE), and RT axial T2-weighted FSE.
RT axial diffusion-weighted single-shot echo-planar
imaging (EPI) was scanned with 11 b values (b = 0, 30,
50, 100, 150, 200, 300, 500, 800, 1000, 1500 s/mm2).
Afterwards, breath-holding axial liver acquisitions with
volume acceleration (LAVA) were performed before and
after the administration of gadobenate dimeglumine
(MultiHance; Bracco Imaging, Milan, Italy) at a dose of
0.1 mmol/kg body weight. Contrast agent was injected
antecubitally using a power injector (Spectris Solaris EP;
Medrad, Warrendale, PA, USA) at a rate of 2.5 mL/s
followed by a 20 mL saline flush. Dynamic images were
acquired in four phases after contrast administration:
dual arterial phase (15–20 s post contrast), dual portal
phase (50–55 s post contrast), coronary enhancement
phase (1 min and 30–40 s post contrast), and a delayed
phase (3 min post contrast). The scanning parameters of
all the pulse sequences are listed in Table 2.

Monoexponential and IVIM model of DWI

The ADC value was calculated by fitting all 11 b values
to a simplified monoexponential model. The prototype
software was provided by the scanner manufacturer (GE
Healthcare).

IVIM data were analyzed with a nonlinear bi-expo-
nential fitting model using all the b values as described by
Le Bihan et al. [12]. The relation between diffusion-
weighted signal and b values was expressed as follows:

Sb=S0 ¼ ð1� fÞ expð�bDÞ þ f expð�bD�Þ;

where D (diffusion coefficient) is the diffusion parameter
representing pure molecular diffusion, D* (pseudodiffu-
sion coefficient) is the perfusion-related diffusion
parameter representing incoherent microcirculation
within the voxel, and f (perfusion fraction) is the fraction
of the diffusion linked to microcirculation.

Image analysis

All images were analyzed by an abdominal radiologist
(J.W. with 23 years of experience of liver MRI) on a
workstation of the picture archiving and communication
system. HCC was diagnosed based on the diagnostic
criterion proposed by the American Association for the
Study of Liver Disease (AASLD) in 2010 [22], i.e., wash-
in in the arterial phase and washout in the delayed phase.
All measurements were performed in consensus using
vendor provided software (Functool on GE Advantage
Workstation 4.6, GE Healthcare) by two trained radi-

Table 1. Patient’ characteristics

Characteristics Values

Mean age (years) 50.9 ± 11
Gender

Men 94
Women 12

BMI 22.2 ± 3
Histological differentiation

Well 18
Moderately 66
Poorly 25

Child–Pugh classification
Grade A 77
Grade B 27
Grade C 2

Location of tumor
Right lobe 75
Left lobe 31
Right and left lobe 3

Size of tumor (mm) 47.9 ± 2.9
Surgery

Resection 102
Liver transplantation 4

Time interval between the MR exam and surgery (days) 8.7 ± 5.8
AFP

(+) 90 (84.9%)
Well differentiated 12
Moderately differentiated 55
Poorly differentiated 23

(-) 16 (15.1%)
Well differentiated 4
Moderately differentiated 10
Poorly differentiated 2

BMI, body mass index; AFP, alpha fetal protein
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ologists (Q.G.S. with 3 years and R.H.Y. with 13 years
of experience of liver MRI) who were blinded to the
histological results, and further checked by the study
coordinator J.W. After reviewing the DWI, T2WI and
dynamic enhancement images, regions of interest (ROIs)
were manually drawn on the axial b1000 images to
encompass as much lesion body as possible on the slice
with the maximum tumor cross-section. ROIs were
placed at least 5 mm away from the margin of the tumor
to minimize partial volume effects [21]. Necrosis and
hemorrhage were avoided by referring to T2WI images
and dynamic enhancement on T1WI images [15, 23]. All
the ROIs were transferred to ADC and IVIM-derived
maps for measurement (Fig. 2). The area of ROIs ranged
from 73 to 11,720 mm2 (mean area 1889 mm2).

Histological analysis

All surgical specimens were analyzed by a pathologist
with 10 years of liver experience. All HCCs were as-
signed to well-, moderately, and poorly differentiated
groups. When different differentiations coexisted within
a tumor, the most predominant differentiation of the
tumor was selected [10].

Statistical analysis

ADC, D, D*, f, and AFP values of different histologi-
cally differentiated groups were compared using Kruskal–
Wallis test followed by post hoc multiple comparisons
with Bonferroni correction. Spearman’s rank correlation
was used to assess the statistical dependence among the
four metrics of HCCs with various histologic differentia-
tions. Receiver operating characteristic (ROC) analysis
was performed to evaluate diagnostic performance of
ADC, D, D*, f, and AFP in differentiating among HCCs
with three histologic grades. The appropriate cut-off val-
ues were determined by choosing the point with the largest
Yoden Index. The areas under the ROC curve were
compared using the Delong et al. method [24]. For joint
analysis of multiple parameters, we used a binary logistic
regression model with stepwise regression to select an
optimal combination. All the statistical analyses were

performed using SPSS 22.0 (IBM Corp., USA) and
MedCalc13.0 (MedCalc Software bvba, Ostend, Belgium).
P < 0.05 was considered statistically significant in all
statistical analyses.

Results

Distribution of AFP+ and AFP- patients
of different histologic grades

In our study, 90 patients were AFP+ with a positive rate
of 84.9%. The number of well-, moderately and poorly
differentiated HCC patients was 12, 55, and 23, respec-
tively, in the AFP+ group and 4, 10, and 2, respectively,
in the AFP- group.

ADC, IVIM and AFP values among different
groups

ADC, IVIM, and AFP values of well-, moderately, and
poorly differentiated HCCs were summarized in Table 3.
ADC, D, f and AFP values were significantly different
among all three groups (P < 0.001). ADC, D, and f val-
ues of well-differentiated HCCs were significantly higher
than those of moderately (P < 0.001, <0.001 and 0.002,
respectively) and poorly differentiated HCCs (P < 0.001,
<0.001 and 0.001, respectively). The ADC value of
moderately differentiated HCCs was significantly higher
than that of poorly differentiated HCCs (P = 0.005), but
no significant difference was found in D and f values be-
tween moderately differentiated HCCs and poorly differ-
entiated HCCs (P = 0.05 and 0.96, respectively). AFP
levels of well-differentiated HCCs were significantly lower
than those of moderately and poorly differentiated HCCs
(P < 0.001), but no significant difference was found be-
tween moderately and poorly differentiated HCCs
(P = 0.755). There was no significant difference in D*
value among the three groups (P = 0.458).

Correlation of histologic differentiation
with ADC, IVIM metrics and AFP levels

ADC, D, and f all decreased and AFP increased with the
grade of histologic differentiation. The four metrics were

Table 2. Scanning parameters

Sequences TR/TE
(ms)

Flip
angle

(degree)

Matrix
size

Field of
view (cm)

Bandwidth
(kHz)

Slice
thickness
(mm)

Slice
gap
(mm)

Acquisition
time

NEX
acceleration

factor

FIESTA 3.1/1.1 45 224 9 256 38 9 38 125 8 1 10 s 1
SSFSE 1222/80.9 90 384 9 160 44 9 44 83.3 8 0 21 s 1
T2WI 6000/72.8 110 320 9 320 36 9 36 83.3 5 1 3 min 36 s 2
DW single-shot EPI 9231/56 90 128 9 128 38 9 30 250 5 1 3 min 52 s 1
LAVA-Flex plain scan 3.7/1.7 15 260 9 224 36 9 36 1200 5 1 14 s 1
LAVA-Flex dynamic 3.7/1.7 12 260 9 224 36 9 36 1200 5 1 – 1

TE, time of echo; TR, time of repetition; FIESTA, fast imaging employing steady-state acquisition; SSFSE, single-shot fast spin echo; DW, diffusion-
weighted; EPI, echo-planar imaging; LAVA, liver acquisitions with volume acceleration
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Fig. 2. A surgically confirmed moderately differentiated HCC
in a 31-year-old man. A T2WI image, B diffusion-weighted
image with b = 0, C–F ADC, D, D*, and f map, and G signal

intensities vs. b-values. The mean values of ADC, D, D*, and
f of the tumor were 0.91 9 10–3 mm2/s, 0.80 9 10–3 mm2/s,
17.6 9 10–3 mm2/s, and 21.6%, respectively.
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significantly correlated with histologic differentiation:
r = -0.586 (P < 0.001), r = -0.478 (P < 0.001),
r = -0.332 (P < 0.001) and r = 0.36 (P < 0.001),
respectively. However, there was no correlation between
histologic grade and D* values (r = -0.103, P =
0.287). ADC and D were significantly correlated with
AFP levels: r = -0.339 (P < 0.001) and r = -0.224
(P = 0.019), respectively.

ROC analysis for discriminating different
histologic subtypes

According to ROC analysis, an ADC value of
1.01 9 10-3 mm2/s, a D value of 0.90 9 10-3 mm2/s, a
f value of 0.217, and an AFP value of 9.8 ng/mL were
found to be the most accurate cut-off levels for dis-
criminating well differentiated HCCs from moderately
and poorly differentiated HCCs, with a sensitivity and
specificity of 94.4% and 85.7% for ADC, 77.8% and
84.6% for D, 94.4% and 57.1% for f, and 72.2% and
83.5% for AFP, respectively. The area under the ROC
curve (AUC-ROC) of ADC, D, D*, f and AFP for
diagnosing well-differentiated HCCs was 0.903 (range
0.832–0.952), 0.84 (range 0.758–0.903), 0.592 (range
0.493–0.685), 0.782 (range 0.693–0.856), and 0.806 (range
0.72–0.876), respectively. An ADC value of 0.839 9 10-3

mm2/s and a D value of 0.793 9 10-3 mm2/s were found
to be the most accurate cut-off levels for discriminating
poorly differentiated HCCs from well- and moderately
differentiated ones, with a sensitivity and specificity of
76% and 73.8% for ADC and 84% and 56% for D,
respectively. The AUC-ROC of the ADC, D, D*, f, and
AFP for diagnosing poorly differentiated HCCs was
0.787 (range 0.699–0.860), 0.726 (range 0.633–0.807),
0.535 (range 0.437–0.632), 0.624 (range 0.526–0.715), and
0.633 (range 0.536–0.724), respectively. The AUC-ROC
of ADC was greater than that of D for discriminating
well- from moderately, and poorly differentiated HCCs
(P = 0.03), but there was no difference for discriminat-
ing poorly from well- and moderately differentiated
HCCs (P = 0.08). The AUC-ROC of ADC was greater
than that of f for discriminating poorly from well- and
moderately differentiated HCCs (P = 0.03), but there
was no difference for discriminating well- from moder-
ately- and poorly-HCCs (P = 0.07). No difference was

found between the AUC-ROC of D and f for the diag-
nosis of well- and poorly differentiated HCCs (P = 0.5
and 0.28, respectively). ADC and AFP had a similar
diagnostic performance (P = 0.08) for well-differenti-
ated HCC, while ADC had a higher diagnostic value for
poorly differentiated HCC (P = 0.04; Fig. 3). The
logistic regression resulted in the selection of ADC and
AFP as the optimal set for the diagnosis of well-differ-
entiated HCC. Combining AFP, the AUC-ROC of ADC
increased to 0.945 (range 0.898–0.992) which was higher
than ADC alone (P = 0.04), with a sensitivity and
specificity of 94.4% and 91.2%, respectively. Other
combinations of parameters did not provide better per-
formance compared with ADC. However, using the same
method, the combination of ADC and other parameters
did not display better performance in the diagnosis of
poorly differentiated HCC compared with ADC alone.
The number of HCC classified in each category for each
parameter used alone and in combination is shown in
Tables 4 and 5.

Discussion

We have shown that ADC, D, f, and AFP values were
significantly different among well-, moderately, and
poorly differentiated HCCs (P < 0.001). The four met-
rics were significantly correlated with histologic differ-
entiation (P < 0.001), and ADC showed the strongest
correlation compared with D, f, and AFP (r = -0.586,
-0.478, -0.332, and 0.36, respectively). Histologic dif-
ferentiation is one of the most important factors related
to the recurrence of HCC [2, 5]. Therefore, evaluation of
preoperative histologic differentiation could potentially
help in selecting more proper treatment strategies and
predicting the prognosis. In China, HBV infection is the
most important etiology of HCC. HBV-related HCC is
different from HCC caused by other etiologies in tumor
characteristics and prognosis. Biomarkers which could
predict histological differentiation of HBV-related HCC
preoperatively would be clinically important.

In previous studies, AFP was reported to be corre-
lated with histologic differentiation [4], and its levels
were higher in HBV-related HCCs compared with HCV-
related HCCs [20]. However, the diagnostic value of AFP
for differentiation among HBV-related HCCs remains
unknown. In our study, the positive rate of AFP was

Table 3. ADC, IVIM metrics and AFP levels of different histologically differentiated HBV-related HCCs

Parameters Well-differentiated (n = 18) Moderately differentiated (n = 66) Poorly differentiated (n = 25) P

ADC (910-3 mm2/s) 1.06 (0.96–1.42) 0.88 (0.64–1.50) 0.80 (0.54–1.17) <0.001
D (910-3 mm2/s) 0.96 (0.76–1.26) 0.78 (0.44–1.38) 0.70 (0.50–1.14) <0.001
D* (910-3 mm2/s) 14.0 (4.7–34.7) 8.46 (4.3–46.2) 9.35 (4.2–252.0) 0.458
f (%) 26.7 (12.1–39.9) 21.5 (9.9–53.2) 20.6 (10.3–28.4) <0.001
AFP (ng/mL) 8.93 (1–466.9) 468.85 (1.05–1210) 486.30 (2.20–1210) <0.001

Numbers in parentheses are ranges
* Data are median values
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84.9%. We found significant correlation of AFP levels
with histological differentiation of HBV-related HCCs.
Furthermore, ADC showed a similar performance for
diagnosing well-differentiated HCCs and a better per-
formance for diagnosing poorly differentiated HCCs,
compared with AFP levels.

Several previous studies have reported that ADC
values showed an inverse correlation with histologic
grade [6–9]. Woo et al. [15] reported that ADC and
D values were significantly correlated with histologic
grade: r = -0.448 (P = 0.002) and r = -0.604
(P < 0.0001), respectively, which was consistent with
our results. The increased cellular density and
nuclear/cytoplasmic ratio may restrict the diffusion
process which causes ADC and D to decrease with his-
tologic grade. Nasu et al. [10] found that the histologic
grade of HCCs was not correlated with ADC values,

Fig. 3. The comparison of ROC curve analysis for diagnosing well: A and poorly differentiated and B HCC with ADC, D, f, and
AFP values.

Table 4. The number of HCC classified in well and non-well differen-
tiated group for the parameters used alone and in combination

Parameters Pathological results Sum

Well
differentiated
(n = 18)

Non-well
differentiated
(n = 91)

ADC+ 17 13 30
ADC- 1 78 79
Sensitivity/specificity (%) 94.4 85.7
D+ 14 14 28
D- 4 77 81
Sensitivity/specificity (%) 77.8 84.6
f+ 17 39 56
f- 1 52 53
Sensitivity/specificity (%) 94.4 57.1
AFP+ 13 15 28
AFP- 5 76 81
Sensitivity/specificity (%) 72.2 83.5
(ADC + D)+ 17 12 29
(ADC + D)- 1 79 80
Sensitivity/specificity (%) 94.4 86.8
(ADC + f)+ 18 9 27
(ADC + f)- 0 82 82
Sensitivity/specificity (%) 100 90.1
(ADC + AFP)+ 17 8 25
(ADC + AFP)- 1 83 84
Sensitivity/specificity (%) 94.4 91.2
(ADC + D + f)+ 17 9 26
(ADC + D + f)- 1 82 83
Sensitivity/specificity (%) 94.4 90.1
(ADC + D + AFP)+ 17 11 28
(ADC + D + AFP)- 1 80 81
Sensitivity/specificity (%) 94.4 87.9
(ADC + f + AFP)+ 17 9 26
(ADC + f + AFP)- 1 82 83
Sensitivity/specificity (%) 94.4 90.1
(ADC + D + f + AFP)+ 16 5 21
(ADC + D + f + AFP)- 2 86 88
Sensitivity/specificity (%) 88.9 94.5

Table 5. The number of HCC classified in poorly and non-poorly
differentiated group for the parameters used alone and in combination

Parameters Pathological results Sum

Poorly
differentiated
(n = 25)

Non-poorly
differentiated
(n = 84)

ADC+ 19 22 41
ADC- 6 62 68
Sensitivity/specificity (%) 76 73.8
D+ 21 37 58
D- 4 47 51
Sensitivity/specificity (%) 84 56
(ADC + D)+ 18 18 36
(ADC + D)- 7 66 73
Sensitivity/specificity (%) 72 78.6
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while Xu et al. [11] found that moderately, and poorly
differentiated HCCs had significantly higher ADC values
than well-differentiated HCCs. However, in these two
studies, ROIs were placed to encompass as much of the
tumor as possible which may have resulted in the over-
estimation of ADC values due to the inclusion of ne-
crotic areas. In addition, only b values of 0 and 500 s/
mm2 were used in the study by Nasu et al. [10], so ADC
values obtained might have been overestimated because
of the ‘‘pseudodiffusion’’ effect.

Among all the IVIM metrics, f values decreased with
increasing histologic grade in our study. Similarly, Lin
et al. [25] reported that f values were lower in the high-
grade gliomas (HGGs). On the other hand, Woo et al.
[15] observed that f values did not show significant cor-
relation with histologic grade and it decreased with the
histologic grade ranging from grade 2 to grade 4, but the
differences between f values among the four histologic
grades were not significant (P = 0.172). Several possible
reasons may explain these findings. Firstly, a previous
study by Lemke et al. [26] found that longer echo time
could result in a greater f value. In our study, the f values
of HCCs might have been overestimated, and the dif-
ference in f values among HCCs with different histologic
grades might be attributed to different T2 values. Sec-
ondly, with an increase in histologic grade, tumor cap-
illaries characterized by irregular diameters, abnormal
vascular branching pattern, incomplete basal membrane,
and leaks begin to dominate, resulting in reduced blood
circulation [27, 28]. Apart from the different b values
used in DWI and the difference in the underlying dis-
eases, the small sample size of grade 1 (n = 4) and grade
2 (n = 4) HCCs in Woo’s study may have led to the
discrepancy with our results.

According to the ROC analysis in our study, ADC
values showed a better performance for diagnosing well-
differentiated HCCs and a non-inferior performance for
diagnosing poorly differentiated HCCs compared with
D value, and it showed a better performance for diag-
nosing poorly differentiated HCCs and a non-inferior
performance for diagnosing well-differentiated HCCs
compared with f value. Lin et al. [25] reported that ADC
values showed better efficacy in discriminating HGG
from low-grade gliomas than D and f values, which was
consistent with our findings. However, Woo et al. [15]
showed that D values of HCCs showed significantly
better diagnostic performance than ADC values in dif-
ferentiating high-grade HCCs from low-grade HCCs.
The discrepancy could have several possible causes. In
this study, the significant decrease of both D and f values
with the higher histologic grade indicated restricted dif-
fusion and decreased microcirculation, which could both
reduce ADC values. Therefore, ADC value as a com-
posite metric which could reflect both pure diffusion and
microcirculation may perform better in discriminating
HCCs of different histologic grades than D and f values.

However, the efficacy of ADC and IVIM metrics re-
quires further study. Using joint analysis of multiple
parameters, we found that ADC values in combination
with AFP levels could provide better diagnostic perfor-
mance with increased specificity for well-differentiated
HBV-related HCCs, which might potentially provide
accurate prediction of prognosis. However, for the
diagnosis of poorly differentiated HCC, the combination
multiple parameters did not display better performance
compared with ADC alone.

We found that there was no correlation between
histologic differentiation and D* values. This may be
related to the poor reproducibility of D* [13, 14, 29, 30].
In our study, the standard deviation of the D* value was
close to or even larger than its mean value, which indi-
cated that it fluctuated greatly and may not be a reliable
metric. Further improvement in the reproducibility of D*
is warranted.

No clear consensus on the optimal DWI protocol has
been reached. As previous studies reported, RT tech-
nique has some advantages. Dyvorne et al. [13] found
that RT IVIM-DWI could produce good image quality
and reproducibility. In their study, RT sequences showed
higher image quality than free-breathing (FB) sequences
which were prone to respiratory motion artifact. Kand-
pal et al. [31] suggested that RT sequences yield better
image quality and higher SNR compared with BH se-
quences. However, RT sequences also have some disad-
vantages. ADC values obtained from RT sequences are
less reproducible than those from BH and FB sequences
[32, 33]. RT acquisition takes more time, and there is a
risk of pseudo-anisotropy artifact originating from res-
piratory motion which makes ADC values inaccurate
[34].

The choice of number and distribution of b values
could affect IVIM-derived metrics. For RT sequences,
increasing the number of b values could improve repro-
ducibility [32]. The estimation error of all IVIM metrics
increases if fewer b values are used compared with the 16
b value acquisition as the reference standard [35].
According to a recent study [14], pseudodiffusion metrics
tend to be underestimated in the liver when too few low
b values (0 < b<50 s/mm2) are included, so it is rec-
ommended that at least two low b values should be used
for liver IVIM-DWI. Therefore, we used 11 b values
including 2 low b values in our study.

There are some limitations in our study. Firstly, the
study was retrospective and there might be selection bias.
Secondly, HCCs were inhomogeneous and in some cases
various differentiations coexisted within a tumor. Al-
though the ROIs were placed to encompass as much le-
sion body as possible to characterize the whole lesion, it
was still an estimation and could not reflect the hetero-
geneity of HCCs. Histogram analysis would be helpful
but was not performed because the software was not
available when we started this study. Thirdly, the mea-
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sured f values might be overestimated because of its
dependency on time of echo (TE). We did not calculate
T2 values in our study, and T2 correction, which may
help correct f values, was not performed [26]. The effect
of TE on the f value of HCCs with different histologic
grades needs to be further investigated. Fourthly, in
addition to pure diffusion and perfusion-related diffu-
sion, a third diffusion compartment might exist, which
might not be adequately described by a bi-exponential
model [36]. Studies using a tri-exponential model may be
needed. Fifthly, we did not assess the reproducibility of
ADC and IVIM metrics. Lastly, RT sequences have
limitations, as mentioned above.

In conclusion, our study showed that ADC, D, and
f values derived from multiple b values DWI and serum
AFP levels were significantly different among HBV-re-
lated HCCs with different histologic grades. ADC values
demonstrate the best diagnostic efficiency, while the
combination of ADC and AFP provide better diagnostic
performance for the diagnosis of well-differentiated
HCC.
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