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Abstract
Purpose To determine the diagnostic performance of intravoxel incoherent motion (IVIM) parameters to predict tumor recur-
rence after hepatectomy in patients with hepatitis B virus (HBV)–related hepatocellular carcinoma (HCC).
Materials and methods One hundred and fifty-seven patients (mean age 52.54 ± 11.32 years, 87% male) with surgically and
pathologically confirmed HCC were included. Regions of interests were drawn including the tumors by two independent
radiologists. ADC and IVIM-derived parameters (true diffusion coefficient [D]; pseudodiffusion coefficient [D*];
pseudodiffusion fraction [f]) were obtained preoperatively. The Cox proportional hazards model was used to analyze the
predictors associated with tumor recurrence after hepatectomy.
Results Forty-seven of 157 (29.9%) patients experienced tumor recurrence. The multivariate Cox proportional hazards model
revealed that a D value < 0.985 × 10−3 mm2/s (hazard ratio (HR), 0.190; p = 0.023) was a risk factor for tumor recurrence.
Additional risk factors included younger age (HR, 0.328; p = 0.034) and higher serum alpha-fetoprotein (AFP) level (HR,
2.079; p = 0.013). Further, receiver operating characteristic (ROC) analysis showed that the area under the curve (AUC) of the
obtained Cox regression model improved from 0.68 for the combination of AFP and age alone to 0.724 for the combination ofD
value, AFP, and age.
Conclusion TheD value derived from the IVIMmodel is a potential biomarker for the preoperative prediction of recurrence after
hepatectomy in patients with HCC. When combined with age and AFP levels, D can improve the predictive performance for
tumor recurrence.
Key Points
• The recurrence rate of HCC after hepatectomy was higher in patients with ADC, D, and f values that were lower than the
optimal cutoff values.

• The optimal cutoff values of ADC, D, D*, and f for predicting recurrence in HBVassociated HCC were 0.858 × 10−3 mm2/s,
0.985 × 10−3 mm2/s, 12.5 × 10−3 mm2/s, and 23.4%, respectively.

• The D value derived from IVIM diffusion-weighted imaging may be a useful biomarker for preoperative prediction of recur
rence after hepatectomy in patients with HCC. When combined with age and AFP levels, D can improve the predictive
performance for tumor recurrence.
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Abbreviations
ADC Apparent diffusion coefficient
AFP Alpha-fetoprotein
AUC Area under the curve
CI Confidence interval
D True diffusion coefficient
D* Pseudodiffusion coefficient
f Pseudodiffusion fraction
HBP Hepatobiliary phase
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HR Hazard ratio
ICC Intra-class correlation coefficient
IVIM Intravoxel incoherent motion
ROC Receiver operating characteristic
T2WI T2-weighted imaging

Introduction

Hepatocellular carcinoma (HCC) is the most common primary
malignancy of the liver and is a major cause ofmortality [1, 2].
Despite considerable advances in early diagnosis and surgical
techniques, and improved post-operative management, the tu-
mor recurrence rate remains high (50–60%) after curative re-
section [3, 4]. Studies have shown that microvascular inva-
sion, poor histologic differentiation, and microsatellite nod-
ules are more likely to be associated with recurrence after
hepatic resection [5, 6]. Most of these risk factors, however,
can only be assessed at post-operative pathologic examination
and are therefore of limited value in guiding treatment deci-
sions prior to hepatic resection.

Recently, preoperative imaging features such as rim en-
hancement and arterial peritumoral enhancement on dynamic
contrast-enhanced magnetic resonance imaging (MRI) [7, 8],
as well as non-smooth tumor margins [9], and tumor size [10]
have proven useful for predicting HCC recurrence. Other im-
aging features, such as HCC capsule and hypointense nodules
in the hepatobiliary phase (HBP) on hepatobiliary contrast
agent-enhanced MRI, have also been proposed for predicting
tumor behavior [11, 12]. Most of these imaging indices, how-
ever, are qualitative measurements and therefore subject to
interpreter bias, possibly resulting in low diagnostic perfor-
mance in predicting tumor recurrence after hepatectomy.

Diffusion-weighted imaging (DWI) can quantitatively
evaluate the apparent mobility of water molecules in tissues,
as indicated by the apparent diffusion coefficient (ADC) [13].
Previous studies have shown that low ADC values derived
from DWI can be used to evaluate tumor behavior and

recurrence after hepatectomy in patients with HCC [14–16].
However, because ADC values reflect a combination of dif-
fusion and blood perfusion effects, they may not entirely ac-
count for all tissue characteristics [17, 18]. Conversely,
intravoxel incoherent motion (IVIM) values derived from
DWI with multiple b value models can reflect tissue diffusion
and microcapillary perfusion separately [19]. A recent study
has suggested that IVIM parameters correlate well with the
degree of HCC differentiation [20]. The aim of our study was
to determine whether IVIM values can be used to predict
tumor recurrence in patients with HCC after curative
resection.

Materials and methods

Patients

This retrospective study followed the principles of the
Declaration of Helsinki and was approved by the
Institutional Review Board. Written informed consent was
waived. Between 1 March 2014 and 31 July 2017, all patients
referred for abdominal MRI for suspected HCC due to chronic
hepatitis B virus (HBV) infection were evaluated. Patients
were ineligible for inclusion if they (a) had a tumor other than
HCC, (b) had undergone previous anti-tumor treatment, (c)
underwent hepatectomy at > 1 month after the MRI examina-
tion, (d) had simultaneous hepatitis C virus infection or any
other chronic hepatic diseases carrying the risk of cirrhosis, (e)
a lesion size < 1 cm, (f) massive necrosis and hemorrhage that
could potentially impact accurate measurement, (g) obvious
slice misregistration or motion artifacts, (h) no or irregular
anti-HBV-DNA treatment after hepatectomy, (i) were unavail-
able or lost to follow-up, and (j) had a tumor with
macrovascular invasion, which was defined as gross invasion
into the main portal veins or their branches, hepatic veins or
the inferior vena cava at gross examination or at imaging
includingMRI and computed tomography (CT), because such
tumors are known to have a greater risk of recurrence [21–24]
(Fig. 1).

Clinical information, laboratory data, and pathology re-
ports of eligible patients were retrospectively retrieved from
our database. All patients were treated by curative resection,
which was defined as complete macroscopic removal of the
tumor with ample free section margins. The median time be-
tween theMRI examination and surgery was 7 days (range, 1–
14 days).

Post-operative follow-up in all of the study patients after
curative resection for HCC was performed with abdominal
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ultrasound and either contrast-enhanced CT or MRI, initially
at 3-month intervals during the first year, and thereafter at 6-
month intervals. In addition, serum liver profiles (alpha-feto-
protein [AFP] and HBV DNA levels) were obtained. Tumor
recurrence was suspected when the serum AFP levels were
progressively elevated and ultrasonography revealed a new
hepatic lesion. Recurrence was diagnosed by dynamic CT
(n = 15) or MRI (n = 32) according to typical imaging charac-
teristics (hyper-enhancement on arterial phase images and
washout on portal venous and/or delayed-phase images) [25,
26]. Recurrence was confirmed by surgical pathology when
patients underwent re-resection (n = 8) or with biopsy (n = 5).
All patients were followed until December 2017. The mean

and median follow-up times for surviving patients after hepat-
ic resection were 15 and 14 months (range, 3–43 months),
respectively.

MRI protocol

MRI investigations were performed on a 3.0 T scanner
(Discovery MR750; GE Healthcare) equipped with an eight-
channel phased-array abdominal coil. All patients had fasted
for at least 4 h before examination. DWI was performed by
using a respiratory-triggered single-shot spin echo echo-
planar imaging sequence in the transverse plane before
contrast-enhanced imaging. Eleven b values from 0 to
1500 s/mm2 (0, 30, 50, 100, 150, 200, 300, 500, 800, 1000,
and 1500) were applied and the number of excitations (NEX)
for each b value was 1, 1, 1, 1, 1, 1, 2, 4, 4, 6, and 6, respec-
tively. The acquisition parameters of the multiple b value DWI
sequences were as follows: repetition time = 6000 to
10,000 ms, echo time = 56 ms, bandwidth = 250 kHz/pixel,
acquisition matrix = 128 × 128, field of view = 38 × 30 cm,
slice thickness = 5 mm, and slice gap = 1 mm. The acquisition
of the DWI sequence with multiple b values typically took
between 4 and 7 mins. The three perpendicular x, y, z gradient
directions were applied simultaneously (i.e., 3-in-1 option on
GEHC system). Gadobenate dimeglumine (MultiHance;
Bracco) was administered intravenously using a dual-head
power-injected bolus injector (Spectris Solaris EP; Medrad)
at a dose of 0.1 mmol/kg bodyweight and at a flow rate
2.0 mL/s, followed by a 20-mL saline flush at the same rate.
The liver protocols and the detailed acquisition parameters of
the other MRI sequences used are summarized in Table 1.

IVIM post-processing and analysis

The ADC values were estimated by fitting diffusion-weighted
signals at all b values (0–1500 s/mm2) to the following mono-
exponential equation:

Sb=S0 ¼ exp −b � ADCð Þ
where Sb is the signal intensity at a given b value and S0 is the
signal intensity without diffusion weighting.

The IVIM model uses a bi-exponential fitting of the diffu-
sion decay curve to separate true diffusion from
Bpseudodiffusion^ which reflects tissue microperfusion. In
the IVIM model, the signal intensity curves from a DWI ac-
quisition with multiple b values are described by Eq. [1] as
follows [19]:

Sb=S0 ¼ 1− fð Þ � exp −b � Dð Þ þ f � −b � D*� � ð1Þ

where Sb and S0 are signal intensities with and without diffu-
sion weighting, respectively,D (true diffusion coefficient) rep-
resents pure molecular diffusion, D* (pseudodiffusion

Fig. 1 Flowchart of inclusion and exclusion criteria. HCC, hepatocellular
carcinoma; MRI, magnetic resonance imaging; HBV, hepatitis B virus
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coefficient) represents incoherent microcirculation within
the voxel, and f (pseudodiffusion fraction) is the propor-
tion of the pseudodiffusion. To robustly separate the dif-
fusion and perfusion effects in Eq. [1], a typical multi-step
approach is applied [27–29]. Initially, D is estimated by
mono-exponential fitting of the diffusion-weighted signals
at high b values (b > 200 s/mm2) assuming that perfusion
contributions are negligible in Eq. [2].

Sb=S0 ¼ exp −b � Dð Þ ð2Þ

The pseudodiffusion fraction f and pseudodiffusion coeffi-
cient D* are subsequently estimated by fitting the measured
signal intensity at all b values to Eq. [1] with fixed D.

Image analysis was performed independently by two ab-
dominal imaging radiologists (S.K. with 14 years and Y.Z.
with 3 years of experience in liver MRI), who were blinded
to all clinical, laboratory, pathologic, and follow-up informa-
tion. The workstation with FuncTool software (version AW
4.6, GE Healthcare) was used for post-processing. The region
of interest (ROI) was manually drawn to encompass as much
of the lesion as possible in the maximum tumor cross-section
on a single axial (b = 1000 s/mm2) image using T2-weighted
imaging (T2WI) as a reference, after reviewing all T2WI,
DWI, and dynamic enhancement images. ROI boundaries
were placed at least 5 mm away from the margin of the lesion
to avoid partial volume effects [30]. Regions of necrosis and
hemorrhage were avoided using the T2WI and dynamic en-
hancement on the T1-weighted images as reference.
Subsequently, the IVIM parameters were calculated automat-
ically. The final value of each parameter was the average of
the values measured by the two radiologists. Additionally, the
respective measures obtained by the two radiologists were
used to determine inter-observer agreement expressed in terms
of the intra-class correlation coefficient (ICC). A third abdom-
inal imaging radiologist (H.Y. with 3 years of experience in

liver MRI) performed an analysis of tumor size by measuring
the longest cross-sectional diameter on axial images according
to the liver imaging reporting and data system, version 2017
[31]. In patients with multiple tumors, a target tumor with the
longest cross-section was selected for analysis.

Statistical analysis

Data for continuous measures are reported as the mean ± stan-
dard deviation or as the median and range when the two-
sample t tests or nonparametric Mann–Whitney tests were
used. Categorical variables are presented as numbers of pa-
tients and percentages and were analyzed by means of the chi-
square or Fisher’s exact test. The best cutoff value for each
IVIM-derived parameter was determined based on receiver
operating characteristic (ROC) curves. Inter-observer agree-
ment in measuring the IVIM values was determined by means
of the ICC with 95% confidence interval (CI) and was
interpreted as follows: 0.00–0.20, poor correlation; 0.21–
0.40, fair correlation; 0.41–0.60, moderate correlation; 0.61–
0.80, good correlation; and 0.81–1.00, excellent correlation
[32, 33]. The follow-up time was calculated from the date of
resection to the date when tumor recurrence was diagnosed, or
from the date of the resection to the last visit if recurrence was
not diagnosed and the patients were censored on the date of
death or on the last date of follow-up. Recurrence-free survival
rates were computed using the Kaplan–Meier method and
compared using the log-rank test. Univariate analysis was per-
formed to assess significant clinical characteristics and IVIM
values associated with tumor recurrence after curative resec-
tion. Multivariate Cox regression (stepwise forward model)
analysis was performed to identify independent predictors of
recurrence. The results are expressed as hazard ratios (HRs)
with 95% CIs. Finally, ROC curve analysis was used to eval-
uate the obtained multivariate Cox regression model. All

Table 1 MRI acquisition parameters

Sequence Matrix TR /TE (ms) Flip angle
(degree)

Field of view
(cm)

Bandwidth
(kHz)

Slice thickness
(mm)

Slice gap
(mm)

Acquisition
time

FIESTA 224 × 256 3.1/1.1 45 38 × 38 125 8 1 10 s

SSFSE 384 × 160 1222/80.9 90 44 × 44 83.3 8 0 21 s

T2WI 320 × 320 6000/72.8 110 36 × 36 83.3 5 1 3 min 36 s

DWsingle-shot EPI 128 × 128 6000–10,000/56 90 38 × 30 250 5 1 4–7 min

LAVA-Flex
pre-contrast

260 × 224 3.7/1.7 15 36 × 36 200 5 1 14 s

LAVA-Flex
dynamic*

260 × 224 3.7/1.7 12 36 × 36 200 5 1 –

Repetition time of IVIM is automatically calculated on the basis of the respiratory rate and respiratory interval number

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, TR repetition time, TE echo time

*After the contrast-medium injection, arterial phase, portal venous phase, and delayed-phase imaging were subsequently acquired at 15–20 s, 60 s, and
180 s, respectively
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statistical analyses were performed using SPSS 22.0 (IBM).
p < 0.05 was considered statistically significant.

Results

Study population

The characteristics of the patients evaluated in this study
are summarized in Table 2. Overall, tumor recurrence after
hepatectomy occurred in 47 (29.9%) of the 157 patients
included in the analysis. In 13/47 patients, recurrence was
confirmed by biopsy (n = 5) or by pathologic assessment
after re-resection (n = 8). In the remaining, the recurrence
was diagnosed on follow-up CT (n = 8), MR (n = 21), and
both CT and MRI (n = 5). The median time from hepatec-
tomy to HCC recurrence was 14 months (range 4–
32 months). The principal sites of recurrence were the dis-
tal segment (n = 21 [45%]), the adjacent segment (n = 15
[32%]), and the marginal segment (n = 3 [6%]). In eight
patients [17%], recurrence was multisegmental. The medi-
an longest cross-section of largest recurrent tumor was
17 mm (range 5–47 mm).

Comparison of clinical and pathologic characteristics
according to IVIM values

The inter-observer agreement was very good for ADC
(ICC = 0.896, 95% CI = 0.841–0.932), D (ICC = 0.889, 95%
CI = 0.831–0.927), and f (ICC = 0.870, 95% CI = 0.803–
0.915). Moderate inter-observer agreement was observed for
D* (ICC = 0.600, 95% CI = 0.437–0.725). ROC analysis
showed that the optimal cutoff values for ADC, D, D*, and
f for predicting recurrence were 0.858 × 10−3 mm2/s, 0.985 ×
10−3 mm2/s, 12.5 × 10−3 mm2/s, and 23.4%, respectively.

The patients were divided into two groups with optimal
cutoff value for each of the IVIM metrics for predicting
recurrence. The clinical and pathological characteristics
of the two groups were then compared based on optimal
cutoff value for each of the IVIM metrics (Table 3).
Patients with ADC values ≤ 0.858 × 10−3 mm2/s tended to
have higher serum AFP levels than those patients with
ADC values ˃ 0.858 × 10−3 mm2/s (30 [48%] vs 25
[27%], p = 0.007). Furthermore, there were more well-
differentiated HCC lesions in patients with ADC levels
˃ 0.858 × 10−3 mm2/s (38 [40%]), D values ˃ 0.985 ×
10−3 mm2/s (15 [65%]), and f values ˃ 23.4% (22 [41%])
than in patients with ADC values ≤ 0.858 × 10−3 mm2/s (2
[2%]), D values ≤ 0.985 × 10−3 mm2/s (25 [19%]), and f
values ≤ 23.4% (18 [17%]) (p < 0.001–0.001). Finally,
HCC lesions with f values ≤ 23.4% more frequently dem-
onstrated microvascular invasion (51 [50%] vs 16 [30%],
respectively, p = 0.017). No significant differences in

baseline clinical or pathological characteristics were ob-
served between groups with D* ≤ 12.5 × 10−3 mm2/s and
D* ˃ 12.5 × 10−3 mm2/s (p > 0.05 for all variables).

Table 2 Demographic and clinical characteristics of the 157 patients
with HCCs

Characteristics All patients (n = 157)

Demographics

Age, year 52.54 (± 11.32)

Sex

Male 137 (87%)

Female 20 (13%)

BMI* (kg/m2) 23 (15–32)

Biochemical profile

AST level*, IU/L 31 (13–176)

ALT level*, IU/L 35 (12–168)

AST/ALT* 0.95 (0.36–3.50)

TBIL*, mg/dL 13 (3.20–134.70)

HBV DNA*, ×105 IU/mL 0.0416 (0–1300)

AFP*, ng/mL 44.06 (1–121,000)

NLR* 1.79 (0.73–19.04)

Radiological characteristics

Number of tumors

Single 108 (69%)

Multiple 49 (31%)

Tumor size, mm 36 (14–112)

Tumor size group

˂ 50 mm 111 (71%)

≥ 50 mm 46 (29%)

Child-Pugh

A 151 (96%)

B 6 (4%)

Histological characteristics

Differentiation

Well 40 (25%)

Moderate and poor 117 (75%)

Capsule

Absent 45 (29%)

Present 112 (71%)

Microvascular invasion

Absent 90 (57%)

Present 67 (43%)

Recurrence 47 (29.94%)

Note: Unless otherwise indicated, data are the mean and standard devia-
tion (SD) or numbers with percentages in parentheses

AST aspartate aminotransferase, ALT alanine aminotransferase, TBIL total
bilirubin, HBV hepatitis B virus, AFP α-fetoprotein, NLR neutrophil to
lymphocyte ratio

*Presented as the median and range
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Comparison of preoperative characteristics
of patients with and without HCC recurrence

A comparison of patients with and without HCC recurrence is
presented in supplementary material 1.

Prediction of HCC recurrence

The Kaplan–Meier method and log-rank test revealed that
patients with ADC values ≤ 0.858 × 10−3 mm2/s, D values
≤ 0.985 × 10−3 mm2/s, and f values ≤ 23.4% had shorter
recurrence-free survival times (p = 0.015, p = 0.042, and
p = 0.025, respectively; Fig. 2). D* was not significantly
related to recurrence-free survival (p = 0.475; Fig. 2). The
univariate Cox proportional hazards model showed that age
> 60 years (p = 0.024), aspartate aminotransferase > 40 U/L

(p = 0.017), AFP > 400 mg/dL (p = 0.014), ADC values
˃ 0.858 × 10−3 mm2/s (p = 0.048), D values ˃ 0.985 ×
10−3 mm2/s (p = 0.030), and f values ˃ 23.4% (p = 0.031)
were significant factors for recurrence. The multivariate
Cox proportional hazards model revealed that among these
factors, age (HR, 0.328; CI, 0.117–0.920, p = 0.034), AFP
level (HR, 2.079; CI, 1.168–3.701, p = 0.013), and D (HR,
0.190; CI, 0.046–0.794, p = 0.023) were significant risk fac-
tors associated with tumor recurrence after hepatic resection
(Table 4). The accuracy based on age and AFP alone was
67.5%, whereas accuracy based on age, AFP, and D value
combined was 73.8%. Additional ROC analysis showed that
the area under the curve (AUC) of the obtained Cox regres-
sion model was improved from 0.68 for the combination of
AFP and age to 0.724 for the combination of AFP, age, and
D (Fig. 3).

Fig. 2 Comparison of recurrence rates according to the cutoff values of
the IVIM values. The Kaplan–Meier analysis shows that the survival time
was higher in patients with ADC values ˃ 0.858 × 10−3 mm2/s than in
patients with ADC values ≤ 0.858 × 10−3 mm2/s (a), that the survival time
was higher in patients with D values ˃ 0.985 × 10−3 mm2/s than in pa-
tients with D values ≤ 0.985 × 10−3 mm2/s (b), that the survival times

were equivalent in patients with D* values ˃ 12.5 × 10−3 mm2/s and in
patients with ADC values ≤ 12.5 × 10−3 mm2/s (c), and that the survival
time was lower in patients with f values ≤ 23.4% than in patients with f
values ˃ 23.4% (d). IVIM, intravoxel incoherent motion; ADC, apparent
diffusion coefficient; HCC, hepatocellular carcinoma
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Discussion

Our results demonstrated that HCC lesions with lower ADC,
D, and f values tended to have poorer histologic differentiation
and that lower f values in particular are associated with a
higher incidence of microvascular invasion. More pertinently,
we showed that patients with lower ADC,D, and f values tend
to have a higher incidence of HCC recurrence. Our results also
showed that D, along with age and serum AFP levels, is an
independent risk factor for HCC recurrence after hepatic re-
section for HBV-related HCC. When combined with age and
AFP levels, D, as derived from IVIM model, can further im-
prove predictions regarding tumor recurrence (Figs. 4 and 5).

Numerous studies have looked to evaluate radiologic fea-
tures as markers to predict HCC recurrence. Previous studies
have shown that tumor hypointensity on Gd-EOB-DTPA-
enhanced HBP images may be a useful imaging biomarker
to predict poor prognosis in patients with HCC after surgical
resection [11, 34]. However, whereas the sensitivity of lesion
hypointensity on HBP images was high, the specificity was
relatively low potentially limiting its value as a preoperative
marker for predicting tumor recurrence. In another study, Lee
et al [7] reported that the combination of two or three imaging
features (i.e., tumor size, non-smooth tumor margins, and
peritumoral enhancement) was indicative of higher rates of
early recurrence in patients with a single HCC. In Asia,
HBV infection is the predominant etiology of HCC [35], and
the mechanisms underlying the related hepatocarcinogenesis,
as well as tumor factors and prognosis of HBV-related HCC
patients, are different from those caused by other non-viral
etiologies [36, 37]. Quantitative biomarkers that can predict
tumor recurrence after hepatectomy in patients with HBV-
related HCC remain unknown.

In our study, we found that tumor recurrence was more
frequent in HCC patients with lower ADC values (≤ 0.858 ×
10−3 mm2/s), D values (≤ 0.985 × 10−3 mm2/s), and f values
(≤ 23.4%) derived from IVIM DWI. In support of our find-
ings, Muhi et al [14] found that the recurrence rate was in-
creased and the 3- and 5-year survival rates significantly de-
creased in HCC patients with ADC values ≤ 0.898 ×
10−3 mm2/s, i.e., at an ADC cutoff very similar to that in our
study.

Fig. 3 Comparison of the ROC curve analyses of the obtained Cox
regression model for the combination of AFP and age alone (A) and for
the combination of D, AFP, and age (B)

Table 4 Univariate and
multivariate analysis of the factors
related to recurrence

Characteristics Univariate Multivariate

B HR p value B HR 95% CI p value

Age (> 60 years) − 1.185 0.306 0.024 − 1.116 0.328 0.117–0.920 0.034

AFP (> 400 mg/dL) 0.721 2.056 0.014 0.732 2.079 1.168–3.701 0.013

ADC (˃ 0.858 × 10−3 mm2/s) − 0.582 0.559 0.048 – – – –

D (˃ 0.985 × 10−3 mm2/s) − 1.570 0.723 0.030 − 1.658 0.190 0.046–0.794 0.023

D* (˃ 12.5 × 10−3 mm2/s) 0.206 1.228 0.481 – – – –

f (˃ 23.4%) − 0.769 0.464 0.031 – – – –

The multivariate model was adjusted for age at recruitment (> 60 or ≤ 60 years), AFP (> 400 or ≤ 400 mg/dL),
AST (> 40 or ≤ 40 IU/L), ALT (> 35 or ≤ 35 IU/L), albumin (> 35 or ≤ 35 g/L), TBIL (> 17 or ≤ 17 μmol/L), PT
(> 13 or ≤ 13 s), PLT (> 100 or ≤ 100/L), NLR (> 2.8 or ≤ 2.8), Child–Pugh (I or II), size (> 5 or ≤ 5 cm), number
(single or multiple), histological differentiation (well or (moderate + poor)), microvascular invasion (present or
absent), capsule (present or absent), ADC (˃ 0.858 or ≤ 0.858 × 10−3 mm2 /s), D (˃ 0.985 or ≤ 0.985 ×
10−3 mm2 /s), D* (˃ 12.5 or ≤ 12.5 × 10−3 mm2 /s), and f (˃ 23.4% or ≤ 23.4%)

AFP α-fetoprotein, ADC apparent diffusion coefficient, AST aspartate aminotransferase, ALT alanine aminotrans-
ferase, TBIL total bilirubin, PT prothrombin time, PLT platelet count, NLR neutrophil to lymphocyte ratio
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It is established that histologic differentiation is one of the
most important predictive factors of recurrence and survival after
liver transplantation and hepatic resection [24, 38, 39]. A possible
reason for the higher recurrence rate in patients with lower tumor
ADC, D, and f values in our study may therefore be the greater
proportion of poorly differentiated HCC lesions in our popula-
tion. It is likely that the increased cellular density and decreased
blood supply associated with poorly differentiated HCC result in
decreased ADC, D and f values [20, 40, 41].

Our results revealed that HCCs with microvascular inva-
sion, which is related to a 4.4-fold increase in the risk of tumor
recurrence [42, 43], tend to have low f values. This may be
another explanation for the higher recurrence rate of HCCs in
patients with lower f values. The reason for which lower f
values tend to be observed in HCCs with microvascular inva-
sion is not completely understood but is most likely related to
a decreased hemodynamic perfusion in HCC. Unfortunately,
the bi-exponential IVIM model for DWI cannot explain the

Fig. 4 A patient with HCC that was treated with curative resection. The
lesion had a low D value. Tumor recurrence occurred 4.67 months after
surgery. a Fat-suppressed axial T2WI showing a focal liver lesion with an
obvious hyperintense signal. b Axial diffusion-weighted image with a
b = 800 s/mm2 shows a hyperintense focal liver lesion. c–f ADC, D,

D*, and f pseudocolorized maps showing that the mean ADC, D, D*,
and f values of the tumor were 0.817 × 10−3 mm2 /s, 0.709 × 10−3 mm2/s,
5.78 × 10−3 mm2 /s, and 25%, respectively. ADC, apparent diffusion
coefficient
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differential T2s in the model compartments, which results in
an overestimation of pseudodiffusion fraction f in the liver
[44, 45]. Therefore, the observed changes in pseudodiffusion
fraction f in a clinical setting should be interpreted with cau-
tion. In our study, there was no correlation between the D*
values and tumor recurrence which may have been due to the
poor reproducibility of D*. Similar to our results, a previous
study also demonstrated poor measurement reproducibility for
D* [46, 47]. Heterogeneity of HCC could be one of the

contributing factors to the poor measurement reproducibility
of D* [46]. In addition, respiratory-triggering techniques, dis-
tribution of b values, and bi-exponential fitting problems may
be other contributing factors [47–50]. Hence, further technical
improvements are needed to strengthen the robustness of D*.

Whereas low ADC, D, and f values were associated with
tumor recurrence, D, along with age and serum AFP levels,
was found to be an independent risk factor for tumor recur-
rence after hepatic resection for HBV-related HCCs. The

Fig. 5 A patient with HCC treated with curative resection without
recurrence during a follow-up period of 19.75 months. The lesion had a
high D value. a Fat-suppressed axial T2WI showing a focal liver lesion
with obvious hyperintense signal. b Axial diffusion-weighted image with

a b = 800 s/mm2 shows a hyperintense focal liver lesion. c–fADC,D,D*,
and f pseudocolorized maps show that the mean ADC, D, D*, and f values
of the tumor were 1.09 × 10−3 mm2/s, 0.994 × 10−3 mm2/s, 20.8 ×
10−3 mm2/s, and 18.3%, respectively. ADC, apparent diffusion coefficient
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reasonwhyD is an independent risk factor for predictingHCC
recurrence might be that increased cellular density and in-
creased nuclear-to-cytoplasmic ratio would be more promi-
nent pathophysiologic phenomena than decreased blood per-
fusion in the recurrence of HCC [20]. Importantly, D values
can be calculated from DWI at two b values. Therefore, a
shorter DWI acquisition tailored to derive D alone may be a
more practical and time-saving approach in clinical practice.
Further research is needed to investigate this possibility.

In addition to MRI features, clinical markers can be poten-
tially useful to preoperatively predict prognosis after curative
resection of HCCs. In our study, elevated preoperative serum
AFP level was associated with HCC recurrence. This finding
was consistent with those of previous studies [51, 52].
However, An et al [8] reported that AFP was not a significant
predictor of recurrence. This discrepancy in observations may
be attributed to the heterogeneity of the patient populations
evaluated. In addition, younger age was also associated with
tumor recurrence. The reasons for the poorer prognosis of
younger HCC patients may be due to their having a more
advanced disease stage at diagnosis, a higher number of tumor
nodules, and a more biologically aggressive tumor [53, 54].

In our study, the addition of D to AFP and age improved
the preoperative predictive performance of HCC recurrence.
An integrated model derived from these variables revealed an
AUC of 0.724 for prediction of the risk of tumor recurrence.
Previous studies reported that elevated serum AFP levels and
younger age were associated with HCC recurrence [51–53].
An et al [8] reported that four MRI features, namely, rim
enhancement, peritumoral parenchymal enhancement in the
arterial phase, satellite nodules, and tumor size, were indepen-
dently associated with early recurrence only in patients with a
single tumor. Unlike these morphological features, quantita-
tive IVIM values derived fromDWI do not depend on contrast
agents and could be used in patients with liver or renal
insufficiency.

There were several limitations to our study. First, we only
focused on HBV-related HCCs. Diffusion and blood perfusion
effects may be different in HCCs caused by other etiologies.
The cutoff values derived from IVIM warrant validation in
other HCC populations with different etiologies for chronic
liver diseases. Second, we measured IVIM parameters in the
target tumor with the longest cross-section. However, single-
slice ROI methods may not reflect the overall characteristic of
the tumor. It is known that intra-tumor heterogeneity can be
better captured by analyzing the entire tumor volume. Future
work should therefore focus on the whole tumor volume rather
than using one-section ROI methods. Third, histopathological
proof was absent in 34 of 47 recurrent tumors. Last, the follow-
up time was relatively short. Future work should prolong the
follow-up period to better evaluate the long-term survival out-
come and the role of IVIM parameters in predicting HCC
recurrence.

In conclusion, our results suggest that lower ADC,D, and f
values are associated with increased HCC recurrence in pa-
tients with HCC after hepatectomy. The D value may be a
useful biomarker for preoperative prediction of recurrence af-
ter hepatectomy in patients with HBV-related HCC. When
combined with age and AFP levels, D values can further im-
prove the performance of predicting tumor recurrence.
Patients with lowD values, younger age, and high AFP levels
may need more regular follow-up after curative hepatectomy
to detect possible recurrence. Therefore, a shorter DWI acqui-
sition tailored to derive D alone may be more practical and
time-saving in clinical practice.
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