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AIMS: To investigate the predictive indicators of small aggressive hepatocellular carcinomas
by examining the association between preoperative magnetic resonance imaging (MRI) pa-
rameters and Ki-67 expression and histological grade.
MATERIALS AND METHODS: Sixty patients with small hepatocellular carcinomas (tumour

diameter: �3 cm, tumour numbers: �2) who underwent curative resection or biopsy after
contrast-enhanced and diffusion-weighted MRI were evaluated retrospectively. Signal in-
tensity (SI) of the whole lesion and erector spinae muscle was measured quantitatively.
Tumour-to-muscle SI ratio was calculated. The association between these MRI parameters and
histological grade and Ki-67 level was then investigated.
RESULTS: There was a significant correlation between tumour-to-muscle SI ratio and his-

tological grade in tissues captured during the non-enhanced T1-weighted (p¼0.001), arterial
phase (p¼0.001), and portal venous phase (p¼0.036) of dynamic contrast-enhanced MRI and
apparent diffusion coefficient (p¼0.027). Arterial inhomogeneous enhancement was also
correlated with high-Ki-67 expression (p¼0.032).
CONCLUSIONS: Preoperative MRI may serve as a non-invasive tool for prediction of small,

aggressive hepatocellular carcinomas, which may otherwise be treated conservatively.
� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Introduction

Hepatocellular carcinoma (HCC) is the fifth most com-
mon malignancy and the third most common cause of
cancer-related deaths worldwide.1e4 Due to the poor
prognosis for patients with HCC, it is crucial to identify HCC
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at an early stage and select the optimal treatment in order
to achieve satisfactory outcome. Cirrhosis is the most
important clinical risk factor for HCC, and approximately
80% of cases of HCCs develop against a background of
cirrhotic liver.5 Studies have showed that human hep-
atocarcinogenesis involves the stepwise progression of the
tumour from a high-grade dysplastic nodule (DN) in a
cirrhotic liver to advanced HCC.6e8 With the optimisation of
medical imaging technologies, especially the widely use of
magnetic resonance imaging (MRI), the rate of early
detection is increasing, especially for small HCC (�3 cm).
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Although small HCCs usually have better outcomes than
larger HCCs, a subset of small HCCs have been identified as
more aggressive, with poorer clinical prognosis. In-
vestigators have reported that the histological grade of
HCCs is a valuable prognostic factor; higher histological
grades indicate worse survival probability.9,10 The nuclear
protein, Ki-67, is associated with cell proliferative activity,
which may be an indicator of tumour aggressiveness, and is
expressed in all phases of the cell cycle except G0, with
particularly high expression observed in the G2/M phase.11

High expression of Ki-67 is associated with a higher tumour
grade12 and higher mortality.13 Studies have showed that
patients with a higher level of Ki-67 expression had aworse
prognosis.14,15 Identification of small HCCs with high his-
tological grade or high Ki-67 expression may help in the
selection of appropriate treatment, improving remission
rates. The caveat of these prognostic factors is that neither
the histological grade nor Ki-67 expression is routinely
available through biopsy due to the invasiveness and
concern of procedure-related complications. As such, there
is a need for non-invasive methods to evaluate Ki-67
expression or histological grade.

Studies have evaluated the correlation between blood
supply and histological grade for HCCs,6,16,17 some
demonstrated that the arterial blood supply decreases as
the histological grade progresses in the late stage of HCC
development (17). Signal intensity (SI) in dynamic
contrast-enhanced MRI was hypothesised to help predict
histological grade. Huang et al. reported that apparent
diffusion coefficient (ADC) values are significantly nega-
tively correlated with Ki-67 expression,18 but for small
HCCs, the correlation between them remains unknown.
The purpose of the present study was to investigate the
association between histological tumour grade and Ki-67
expression and a battery of preoperative MRI findings,
including quantitative and qualitative parameters, for the
detection of aggressive small HCCs.
Material and methods

Patient population

The study protocol conformed to the ethical guidelines of
the Declaration of Helsinki as reflected in a priori approval
by the institutional review board, who waived the
requirement for informed consent. Patient medical records
were reviewed between January 2011 and December 2017
and 949 patients with histopathologically confirmed HCCs
(by surgery or biopsy) were identified. The patients were
included consecutively according to the following inclusion
criteria1: undergoing routine immunochemical staining for
Ki-67 (n¼484)2; diffusion-weighted imaging (DWI) and
dynamic-enhanced MRI performed before surgery or bi-
opsy and tumour diameter: �3 cm, tumour number: �2
(n¼71). Of the 71 retrieved patients, 11 were subsequently
excluded for the following reasons1: prior localeregional
therapy such as chemoembolisation, radiofrequency abla-
tion, or chemotherapy and radiation therapy before surgery
or biopsy (n¼5)2; an interval >1 month between MRI ex-
amination and surgery or biopsy (n¼4)3; suboptimal image
quality for interpretation (n¼2). Finally, a total of 60 pa-
tients were included (Fig 1), consisting of 51 males and nine
females (mean age, 55 years; range, 20e82 years). In pa-
tients with multifocal lesions, the largest lesion was chosen
as the study target (60 lesions in total). Alpha-fetoprotein
(AFP) examination was also performed before MRI
examination.

Histopathological analysis

Of the 60 selected HCC lesions, three were confirmed at
biopsy and 57 were confirmed at surgery. The histopatho-
logical examination was performed by an experienced
pathologist who was blinded to radiological and clinical
results. The major histological grade of HCC (predominant
grade within the tumour) was recorded as well-
differentiated (WD), moderately differentiated (MD), or
poorly differentiated (PD) HCC.

Ki-67 was assessed using paraffin-embedded tissue
samples, which were cut into 4-mm-thick sections. Briefly,
all sections were deparaffinised and antigen was retrieved
under high pressure for 120 seconds. Non-specific binding
was blocked by serum at 37�C for 15 minutes (Beijing
Zhongshan Golden Bridge Biotechnology Company, China).
The tumour tissue sections were stained with primary
monoclonal mouse anti-human Ki-67 antibody (Beijing
Zhongshan Golden Bridge Biotechnology Company, China;
Clone no. MIB-1) in a humidified chamber at 37�C for 30
minutes. Then the specimens were incubated with sec-
ondary goat anti-mouse antibody at 37�C for 30 min. Ki-67
expression were visualised using 3,30-diaminobenzidine
(DAB) followed by counterstaining with haematoxylin. The
Ki-67 labelling index was evaluated by calculating the fre-
quency of Ki-67 positive cells. Ki-67was considered positive
when the cell nuclei were stained browneyellow. Immu-
noreactive cells were classified as low (10% or less immu-
noreactivity) or high (>10% immunoreactivity).13

MRI protocol

MRI images were acquired using a 3-T MRI system
(Magnetom Verio; Siemens Healthcare, Erlangen, Germany)
with an eight-channel body phased-array coil. The mean
time interval between MRI examination and surgical
resection or biopsy was 9.85�7.14 days (range 1e30 days).
The sequences of non-enhanced MR images included: a
respiration-triggered T2-weighted fat-suppression turbo
spin-echo sequence (6,500e7,000 ms repetition time [TR],
79 ms echo time [TE], 240 Hz/pixel bandwidth, 320�224
matrix size, 5 mm section thickness, 1 mm intersection
gap), a breath-hold T1-weighted gradient-echo in-phase
sequence (133 ms TR, 6.2 ms TE, 280 Hz/pixel bandwidth,
320�224 matrix size), an out-of-phase sequence (133 ms
TR, 2.5 ms TE, 280 Hz/pixel bandwidth, 320�224 matrix
size), DWI with the respiratory triggered sensitivity
encoding technique (6,300 ms TR, 93 ms TE; gradient factor
b-values of 50 and 800 s/mm2, 170 mm matrix size, 3 mm



Figure 1 Flow diagram shows inclusion and exclusion criteria for the study. WD ¼ well differentiated, MD ¼ moderately differentiated, PD ¼
poorly differentiated.
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slice thickness), ADC maps (obtained by using a mono-
exponential function with b-values of 50 and 800 s/mm2),
and T1-weighted three-dimensional volumetric interpo-
lated breath-hold examination gradient-echo sequence
with fat suppression (3.9 ms TR, 1.4 ms TE, 400 Hz/pixel
bandwidth, 320�224 matrix size, 3 mm slice thickness, no
gap). For dynamic contrast-enhanced MRI, Gd-BOPTA was
administered intravenously using a power injector at 2 ml/s
for total dose of 0.1 mmol/kg and followed by 20 ml saline
flush. Dynamic contrast-enhanced images, including the
arterial phase (20e25 seconds), portal venous phase
(60e70 seconds) and transitional phase (2 minutes), were
acquired using a T1-weighted three-dimensional volu-
metric interpolated breath-hold examinationwith the same
parameters.

Qualitative and quantitative analyses

All HCC MRIs were reviewed independently by two se-
nior abdominal radiologists with 30 and 20 years of expe-
rience, respectively. Interpretation was guided by using the
picture archiving and communication system (PACS). Both
observers were blinded to clinical, laboratory, and histo-
pathological results. MRI features were first evaluated
independently. Subsequently, the two reviewers met to
finalise decisions for discrepant results.

The following imaging parameters were qualitatively
evaluated: (1) irregular tumour margin, defined as non-
smooth margin with a budding portion at the tumour pe-
riphery on transverse images; (2) typical enhancement
pattern, defined as arterial enhancement with washout on
portal venous or transitional phase; (3) arterial rim
enhancement, defined as presence of irregular ring-like
areas of enhancement with central hypointense areas in
arterial phase; (4) arterial inhomogeneous enhancement;
(5) intratumoural fat, defined as tumour areawith decreased
signal intensity on opposed-phase images compared with
in-phase images; and (6) tumour capsule, defined as a
distinct low SI rim on arterial phase images with delayed
contrast enhancement surrounding tumour margin.

Quantitative analysis was performed by a radiologist.
Lesion size was measured by recording the maximum
dimension for each tumour on T2-weighted axial image
where the tumour had the largest cross-sectional diameter
(3/60 HCCs were measured on other sequences as they
were undetected on T2-weighted axial image). The SI of
the tumours (TSI) was measured using a region of interest
(ROI) on pre-contrast MRI, post-contrast MRI, and ADC
maps at the same level of the largest diameter of the
tumour in the axial planewith amaximum area. Regions of
interest were manually positioned to include almost the
entire HCC area. Because a few lesions were not visualised
well in some sequences, other sequences were reviewed
for the accurate placement of the ROI on the lesion by vi-
sual correlation of the image sets. The SI of the right
erector spinae muscle was also measured as a reference in
the ROI (approximately 50e100 mm2) in the same sec-
tion.19 HCCs often develop on a background of liver
cirrhosis, which leads to inhomogeneous MRI images. To
prevent this, the SI of unaffected liver parenchymawas not
chosen as a reference. The SI of the lesions and erector
spinae muscle were measured three times and averaged. In
addition, another ROI (approximately 28 mm2) was drawn
on the ADCmaps at the darkest area of HCCs and the result
was marked as ADCmin value (Fig 2).



Figure 2 An example of MR images in the non-enhanced T1WI (a) and ADC map (b) to display the placement of ROIs for the measurement of
signal intensities. A small ROI was drawn additionally on the ADC map (b) at the darkest area of the HCC.
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Based these quantitative measurements, the tumour-to-
muscle SI ratio (TMSI) in each sequence was defined as
follows:

TMSI ¼ TSI/MSI

TMSI on ADC maps was marked as ADC-TMSI and
ADCmin-TMSI. In addition, TMSI on non-enhanced T1-
weighted image (T1WI), arterial phase, portal venous
phase and transitional phase was marked as N-TMSI, AP-
TMSI, PVP-TMSI, and TP-TMSI, respectively. The relative
enhancement (RE) was calculated as follows:20

RE ¼ (Post-enhancement TMSI-Pre-enhancement TMSI)/Pre-
enhancement TMSI

Furthermore, RE on arterial phase, portal venous phase
and transitional phase was marked as AP-RE, PVP-RE, and
TP-RE, respectively.

Statistical analysis

Chi-square test or Fisher’s exact test was used to analyse
the correlation between categorical variables and Ki-67
expression or histological grade of small HCCs. Student’s t-
test or one-way analysis of variance (one-way ANOVA) was
performed for continuous variables, then Bonferroni’s test
was used to identify the difference between each two
groups. Spearman’s correlation analysis was also used to
assess the correlation between histological grade and
quantitative variables. Additionally, the present study also
divided the 60 small HCCs into two groups, one was poorly
differentiated HCCs group, and the other group included the
remaining HCCs. By using receiver operating characteristic
(ROC) analysis, the appropriate cut-offs for quantitative
variables corresponding to maximal Youden index were
determined to identify the poorly differentiated small HCCs.
Results were reported as mean � standard deviation (SD)
for continuous variables; numbers and percentages are
shown for categorical variables. All statistical analyses were
performed by SPSS Statistics version 22 and MedCalc Sta-
tistical Software version 15.6.1, Fuzhou, Fujian, China. The
significance level was indicated by p<0.05 (two-tailed).
Results

Demographic and pathologic characteristics of small
HCCs

Baseline demographic and pathological characteristics
(Table 1) demonstrated that 10 of the 60 HCCs examined
were well-differentiated (WD) HCCs, 43 were moderately
differentiated (MD) HCCs, and seven were poorly differen-
tiated (PD) HCCs. Twenty-five of the 60 HCCs had low Ki-67
expression, and the remaining 35 HCCs had high Ki-67
expression. Tumour size (1.93�0.61 cm) ranged from 0.67
to 3 cm in diameter. There were 34 lesions had an AFP value
of <20 ng/ml, and the remaining 26 lesions had a value of
�20 ng/ml. The relationship between AFP level and histo-
logical grade was significant, where AFP level was signifi-
cantly lower in WD HCCs compared to MD and PD HCCs
(p¼0.006); however, AFP level was not significantly asso-
ciated with Ki-67 expression (p¼0.66). Spearman’s corre-
lation analysis further demonstrated that Ki-67 expression
was positively correlated with histological grade (p¼0.049,
r ¼ 0.255).

MRI characteristics related to histological grade

Upon qualitative analysis (Table 2), arterial rim
enhancement and histological grade demonstrated a sig-
nificant correlation (p¼0.049), where higher histological
grades more frequently showed arterial rim enhancement.
Irregular tumourmarginwas also more frequently observed
in the higher histological grade (p¼0.036). Typical
enhancement pattern, arterial inhomogeneous enhance-
ment, tumour capsule, and intratumoural fat were not
significantly associated among WD, MD, and PD HCCs.

The relationships between RE, TMSI, ADC value, ADCmin
value, and each histological grade are shown in Table 3. The
N-TMSI (p¼0.001), AP-TMSI (p¼0.001), PVP-TMSI
(p¼0.036), ADCmin-TMSI (p¼0.027), and ADCmin value
(p¼0.034) were all significantly correlated with histological
grade. As shown in Fig 3, the N-TMSI and AP-TMSI for PD
HCCs were both significantly lower than that for WD
(p<0.001, p¼0.001, respectively) and MD (p¼0.029, 0.048,



Table 1
Demographic and pathologic characteristics of small HCCs.

Variable WD MD PD p-Value Low-Ki-67 High-Ki-67 p-Value

n¼10 n¼43 n¼7 n¼25 n¼35

Age (years) 60.3�8.6 55.2�13.1 45.7�18.1 0.087 55.6�15.5 54.5�12.2 0.78
Gender 0.301 0.582
Male 7 38 6 20 31
Female 3 5 1 5 4

HBV infection 0.164 0.898
Absent 3 5 0 4 4
Present 7 38 7 21 31

AFP 0.006 0.66
<20 ng/ml 10 21 3 15 19
�20 ng/ml 0 22 4 10 16

Cirrhosis 0.305 0.199
Absent 3 5 1 6 3
Present 7 38 6 19 32

Tumour location 0.991 0.529
Left 3 12 2 6 11
Right 7 31 5 19 24

Size (cm) 2.04�0.70 1.90�0.56 1.93�0.80 0.821 2.04�0.65 1.84�0.57 0.216

Data are expressed as mean � standard deviation (SD) or numbers of patients.
WD, well differentiated; MD, moderate differentiated; PD, poorly differentiated; HBV, hepatitis B virus; AFP, alpha-fetoprotein.

Table 2
Qualitative MRI findings related to histological grade and Ki-67 expression.

Variable WD MD PD p-Value Low Ki-67 High Ki-67 p-Value

n¼10 n¼43 n¼7 n¼25 n¼35

Typical enhancement pattern 0.642 0.43
Absent 2 11 3 8 8
Present 8 32 4 17 27

Arterial inhomogeneous enhancement 0.469 0.032
Absent 6 23 2 17 14
Present 4 20 5 8 21

Tumour capsule 0.897 0.45
Absent 7 32 6 20 25
Present 3 11 1 5 10

Intratumoural fat 0.999 0.999
Absent 9 40 7 23 33
Present 1 3 0 2 2

Arterial rim enhancement 0.049 0.19
Absent 9 36 3 22 26
Present 1 7 4 3 9

Irregular tumour margin 0.036 0.226
Absent 8 33 2 20 23
Present 2 10 5 5 12

Data represent numbers of patients.
WD, well differentiated; MD, moderate differentiated; PD, poorly differentiated.
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respectively) HCCs, which were also significantly different
from each other (p¼0.03, 0.016, respectively; Fig 4). The
ADCmin value, ADCmin-TMSI, and PVP-TMSI for PD HCCs
were lower than that for WD HCCs significantly (p¼0.031,
0.025, 0.036, respectively); however, there were no differ-
ences between MD and WD or PD HCCs (p>0.05 for all).
Additionally, the correlation analysis showed that the
ADCmin value (p¼0.019, r¼e0.301), ADCmin-TMSI
(p¼0.017, r¼e0.307) N-TMSI (p<0.001, r¼e0.45), AP-TMSI
(p<0.001, r¼e0.459), and PVP-TMSI (p¼0.007, r¼e0.342)
were all negatively correlated with tumour histological
grade. However, ADC-TMSI, ADC value, AP-RE, PVP-RE and
TP-RE were not significantly different in WD, MD and PD
HCCs (p¼0.135, 0.147, 0.590, 0.747, 0.388, respectively).
ROC curves of the ADCmin value, ADCmin-TMSI, N-TMSI,
AP-TMSI and PVP-TMSI for the prediction of PD HCCs, and
the AUCs were 0.728, 0.729, 0.814, 0.822 and 0.815,
respectively (Fig 5). For predicting PD HCCs, the best cut-off
points for these values were 0.58�10�3 mm2/s, 0.34, 1.05,
1.50, and 1.28, respectively. The AP-TMSI was the optimal
predictor of the presence of PD HCCs. The sensitivity and
specificity of AP-TMSI for the prediction of PD HCCs were
85.7% and 75.5% respectively.

MRI characteristics related to Ki-67 expression

Qualitative analyses of MRI parameters are presented in
Table 2. Arterial inhomogeneous enhancement was more



Table 3
Quantitative magnetic resonance imaging findings related to histological grade and Ki-67 expression.

Variable WD MD PD p-Value Low Ki-67 High Ki-67 p-Value

n¼10 n¼43 n¼7 n¼25 n¼35

N-TMSI 1.22�0.24 1.01�0.22 0.77�0.18 0.001 1.05�0.30 1.00�0.20 0.42
AP-TMSI 2.01�0.41 1.67�0.52 1.18�0.35 0.001 0.71�0.45 0.63�0.44 0.48
PVP-TMSI 1.78�0.44 1.62�0.48 1.20�0.30 0.036 0.67�0.41 0.53�0.36 0.19
TP-TMSI 1.67�0.30 1.49�0.40 1.25�0.32 0.910 0.58�0.39 0.43�0.31 0.10
AP-RE 0.75�0.35 0.67�0.47 0.53�0.32 0.590 1.76�0.58 1.63�0.50 0.35
PVP-RE 0.51�0.43 0.61�0.40 0.57�0.25 0.747 1.69�0.50 1.53�0.45 0.21
TP-RE 0.41�0.32 0.49�0.34 0.64�0.37 0.388 1.58�0.35 1.43�0.41 0.15
ADC-TMSI 0.80�0.13 0.72�0.24 0.58�0.23 0.135 0.74�0.25 0.70�0.21 0.48
ADCmin-TMSI 0.68�0.15 0.59�0.19 0.41�0.27 0.027 0.61�0.20 0.57�0.20 0.46
ADC (�10�3mm2/s) 1.125�0.143 1.023�0.293 0.853�0.317 0.147 1.018�0.227 1.022�0.319 0.96
ADCmin (�10�3mm2/s) 0.948�0.180 0.841�0.251 0.611�0.380 0.034 0.839�0.226 0.827�0.300 0.86

TMSI on non-enhanced T1 weighted image, arterial phase (AP), portal venous phase (PVP) and transitional phase (TP) was marked as N-TMSI, AP-TMSI, PVP-
TMSI, and TP-TMSI, respectively.
RE ¼ (Post-enhancement TMSI � Pre-enhancement TMSI)/Pre-enhancement TMSI.
Datas are expressed as mean�standard deviation (SD).
WD, well differentiated; MD, moderate differentiated; PD, poorly differentiated; TSI, signal intense of lesion; MSI, signal intense of muscle; TMSI ¼ TSI/MSI.

Figure 3 Correlations between histological grade (WD, well differentiated; MD, moderate differentiated; PD, poorly differentiated) and ADCmin
value (a), ADCmin-TMSI (b), N-TMSI (c), AP-TMSI (d) and PVP-TMSI (e) in HCCs (TMSI, tumour-to-muscle signal intensity ratio, N, non-enhanced
T1-weighted image, AP, arterial phase, PVP, portal venous phase, ADCmin, ADC values in small ROIs). The TMSI tends to drop off as the pro-
gression of differentiation degree in each phase, particularly in N and AP image.
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Figure 4 A well differentiated HCC (a1-4) and a poorly differentiated HCC (b1-4). On non-enhanced T1WI (a2, b2), arterial phase (a3, b3) and
portal venous phase (a4, b4) of dynamic contrast-enhanced MRI images and ADC map (in a small ROI) (a1, b1), the signal intense of the lesion in
a 59-year-old woman (a1e4) was higher than that in a 60-year-old man (b1e4). By measurement, TMSI (lesion to erector spinae muscle signal
intense ratio) on these sequences was higher in the female as well.
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predominant in HCCs with high Ki-67 expression than in
those with low Ki-67 expression (p¼0.032); however,
typical enhancement pattern, tumour capsule, intra-
tumoural fat, arterial rim enhancement, and irregular
Figure 5 ROC curve of the ADCmin value, ADCmin-TMSI, N-TMSI, AP-
TMSI and PVP-TMSI for the prediction of PD HCCs. The AUC values
were 0.728, 0.729, 0.814, 0.822, and 0.815, respectively.
tumour margin were not significantly associated with Ki-
67 expression. Neither ADC value, ADCmin value, TMSI,
nor RE in each sequence was related to Ki-67 expression
(Table 3).

Discussion

This study demonstrated that AFP levels of the selected
patients with small HCCs were associated with histological
grade, where higher AFP levels were more frequently
observed in tumours with higher histological grade, as
supported by a previous study.19 Arterial rim enhancement
was observed more frequently in the higher histological
grade HCCs, especially in MD and PD HCCs. Prior studies
have described that arterial rim enhancement can be an
indicator for poor differentiation and worse prognosis in
HCCs.21e23 Several studies have reported that histopatho-
logical absence of tumour capsule, infiltrative growth, and
presence of microvascular invasion as well as rapid growth
with central necrosis may all play a role in the observance of
rim enhancement in HCC MRI.21,24 The HCCs with higher
histological grades more often manifested irregular tumour
margins than HCCs with lower histological grades. This
morphological characteristic is often demonstrated in
various malignant tumours. Choi et al. demonstrated that
pathological characteristics such as infiltrative, multifocal
nodular confluence, or massive growth type might result in
the appearance of these irregular tumour margins.22 The
present results were consistent with the previous study.
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This study also suggested that N-TMSI, AP-TMSI, and
PVP-TMSI values were all negatively correlated with histo-
logical grade, that is, lower SIs (refer to erector spinae
muscle) were more often demonstrated in higher histo-
logical grade HCCs in non-enhanced T1WI, arterial and
portal venous phase of dynamic contrast-enhanced MRI.
Among the parameters, AP-TMSI was the optimal predictor
for poorly differentiated HCCs. Correlation studies6e8 have
showed that during hepatocarcinogenesis, the density of
portal triads diminishes while the density of unpaired ar-
teries increases. The formation of unpaired neo-arteries
increases arterial flow, which proposes that SI in arterial
phase of dynamic contrast-enhanced MRI increases as his-
tological grade grows; however, a previous study has sug-
gested that arterial blood supply increases during the early
stage of advancement but that, conversely, it decreases in
the late stage of advancement.17 Other studies have re-
ported that the arterial blood supply of poorly differentiated
HCCs is lower than that of moderately HCCs.25,26 The pre-
sent result was consistent with these latter studies. One
explanation is that in advanced HCCs, rapid cell prolifera-
tion in the centre of the tumour elevates interstitial pres-
sure, causing compression closure of tumour capillaries,
and regression of neo-arteries.6 The unpaired arteries,
which provide nutrition for the tumour, are relatively
immature in small HCCs, causing poor differentiation and
leading to more weakly enhanced HCCs in arterial phase
compared to well or moderately differentiated HCCs. The
present study showed a decrease of PVP-TMSI in high his-
tological grade tumours, which may be due to the dimin-
ishing density of portal triads. In the present study, the
exact cause for the decrease of N-TMSI in high histological
grade tumours is unknown. It is correlated with containing
paramagnetic materials, such as copper or iron, which may
increase the SI in T1-weighted images. Ironmay accumulate
within hepatocytes during the dysplastic phases of hep-
atocarcinogenesis. With progression to early and advanced
HCC, iron usually regresses, causing the decrease of N-TMSI.

DWI is a MRI technique based on the measure of water
diffusion in tissues.27 ADC measurements obtained within
DWI at two or more b-values further allow quantitative
analysis of the diffusion.28 The present study suggested
that ADCmin value and ADCmin-TMSI were significantly
negatively correlated with histological grade. Tumour
cellular density and the nuclear/cytoplasmic ratio increase
as the histological grade progresses, and may cause more
markedly restrict diffusion, causing decreased ADC values
(lower ADCmin and ADCmin-TMSI value in this
study).29,30 Some ADC parameters were found in this
study to be some of the best predictors of PD HCCs. Spe-
cifically, the optimal cut-off points for sensitivity and
specificity of ADCmin and ADCmin-TMSI were 0.58�10�3

mm2/s and 0.34, respectively.
The nuclear Ki-67 protein is associated with cell prolif-

erative activity. In this study, arterial inhomogeneous
enhancement was more dominant in patients with high Ki-
67 expression than in thosewith lowKi-67 expression. High
expression of Ki-67 has been similarly associated with a
higher tumour grade12 and higher mortality13 in previous
studies. The correlation may be caused by the fact that HCCs
with high expression of Ki-67 grow heterogeneously, where
cell and vessel density is inhomogeneous. Despite this,
among the quantitative MRI findings (ADC value, ADCmin
value, TMSI, and RE) in each sequence, none were signifi-
cantly associated with Ki-67 expression. Huang et al. re-
ported that the ADC value was correlated with Ki-67
expression in HCC.18 Some studies similarly showed that
ADC values in different tumours were inversely correlated
with Ki-67 expression.31,32 The results of the present were
not consistent with these studies. The discrepancy is
possibly due to different populations of subjects across the
studies. The present study sample consisted of relatively
small HCCs, which differed from the HCCs of focus in the
aforementioned studies. Despite sample differences, a
meta-analysis has concluded that the correlation between
ADC and Ki-67 is weak in hepatocellular carcinoma, making
ADC an unlikely surrogate biomarker of cell proliferation in
HCCs.33 Other studies investigating the association of Ki-67
in various tumours have been inconsistent, with some au-
thors describing that ADC fractions can be associated with
cellular proliferation and others concluding the absence of
such confirmation.34e36 The exact causes of these discrep-
ancies remain to be investigated.

The present study has several limitations. First, this study
had a relatively small number of poorly differentiated HCCs
(11.7% [7 of 60]), which may have diluted the true repre-
sentation of the class. It may have been insufficient for
assessing statistical significance among histological grade
and, as such, predictive factors should be confirmed by a
larger study. Second, measurement errors on each sequence
were inevitable, especially for small lesions. Measurements
were taken three times and averaged to minimise errors.
Third, a survival analysis is needed in order to corroborate
the clinical significance of the novel predictive factors out-
lined herein.

In summary, arterial rim enhancement, irregular tumour
margin, low TMSI on non-enhanced T1WI, arterial phase,
and portal venous phase of dynamic contrast-enhanced
MRI and ADC maps (in a small ROIs) may be helpful pre-
dictors of poorly differentiated small HCCs, an aggressive
subclass related to poor prognosis. Additionally, arterial
inhomogeneous enhancement may predict small, aggres-
sive HCCs with high Ki-67 expression. Thus, it is proposed
that MRI examination is a non-invasive tool to obtain pre-
operative information about the tumour characteristics that
can aid in the selection of appropriate anti-cancer treat-
ments, improving remission rates.
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