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Abstract

Purpose: To investigate whether pre-operative gadoxetic
acid—enhanced MRI can predict early recurrence after
curative resection of single HCC using image features
and texture analysis.

Materials and methods: 179 patients with single HCC and
who underwent pre-operative MRI were included. Two
reviewers analyzed MR findings, including the tumor
margin, peritumoral  enhancement, peritumoral
hypointensity on the hepatobiliary phase (HBP), diffu-
sion restriction, capsule, tumoral fat, washout, portal-
vein thrombus, signal intensity on HBP, and satellite
nodule. Texture analysis on the HBP was also quantified.
A multivariate analysis was used to identify predictive
factors for early recurrence, microvascular invasion
(MVI), and the tumor grade.

Results: For early recurrence, satellite nodule, peritu-
moral hypointensity, absence of capsule, and GLCM
ASM were predictors (P < 0.05). For MVI, satellite
nodule, peritumoral hypointensity, washout, and
sphericity were predictors (P < 0.05). Satellite nodules,
peritumoral hypointensity, diffusion restriction, and iso
to high signal intensity on HBP were predictor for higher
tumor grade (P < 0.05). Satellite nodules and peritu-
moral hypointensity were important showed common
predictors for early recurrence, MVI, and grade
(P < 0.05). The sensitivity and specificity for satellite
nodule were 47.36% and 96.25%. When added texture
variables to MRI findings, the diagnostic performance
for predicting early recurrence is improved from 0.7 (SD
0.604-0.790) to 0.83 (SD 0.787-0.894).

Correspondence to: Jung Hoon Kim; email: jhkim2008@gmail.com

Conclusion: MR finding, including satellite nodule and
peritumoral hypointensity on the HBP, as well as the
texture parameters are useful to predict not only early
recurrence, but also MVI and higher grade.

Key words: Hepatocellular carcinoma—Gadoxetic
acid—enhanced MRI—Texture
analysis—Recurrence—Microvascular invasion

Hepatocellular carcinoma (HCC) is the sixth most
common cancer worldwide and one of the leading causes
of cancer-related death [1]. Hepatic resection is the pri-
mary treatment modality for HCC in patients with well-
preserved liver function [2, 3]. However, recurrence rates
after hepatic resection can be as high as 50% within
5 years [4]. Of these rates, intra-hepatic distant recur-
rence (IDR) is associated with the worse prognosis and
usually manifests as early recurrence within the first year
after HCC resection [5, 6]. Given the general invasiveness
of surgery and limited organ availability, it is important
to identify patients who are most likely to experience a
long-term curative outcome without recurrence. There-
fore, the risk factors for early IDR after hepatic resection
have been studied. Several published studies have found
that early IDR is more likely to be associated with tumor
factors such as tumor size, microvascular invasion, and a
worse tumor grade [6-8].

Recently, magnetic resonance (MR) imaging has had
an important role regarding the diagnosis and staging of
the HCC. Recently, imaging findings, such as peritu-
moral parenchymal enhancement, an unsmooth tumor
margin, and a lower apparent diffusion coefficient
(ADC) value seen on the diffusion-weighted imaging
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(DWI), have been reported to be useful findings for
predicting bad tumor behavior [9-11]. However, MR
imaging still has limitations for predicting the tumor
prognosis using imaging findings. Texture analysis is a
quantitative image processing algorithm which can be
used to quantify tissue heterogeneity by assessing the
distribution of texture coarseness and irregularity within
a lesion, and which is thus expected to allow a more
detailed and reproducible quantitative assessment of le-
sion characteristics than visual analysis by human ob-
servers. Several published studies have assessed the
potential of texture analysis to improve the prognostic
information of current imaging and to confirm the
hypothesis that greater tumor heterogeneity is an indi-
cator of a poor clinical prognosis [12—-15].

As far as we know, the value of a combination of
imaging features and texture analysis using gadoxetic
acid—enhanced MR imaging for the prediction of the
early recurrence, microvascular invasion (MVI), and tu-
mor grade of HCC after curative resection has not been
studied. The purpose of this study is to investigate
whether pre-operative, gadoxetic acid—enhanced MRI
can predict the early recurrence, MVI, and tumor grade
of a single HCC after curative resection with the use of
image features and texture analysis.

Materials and methods
Patients

This retrospective study was approved by our institu-
tional review board, and the requirement to obtain
written, informed consent was waived. By searching our
institution’s database, we identified 294, consecutive
patients who underwent curative hepatic resection for
HCC at our institution between January 2012 and
December 2013. Figure 1 summarizes the flowchart of
the study. Finally, 179 patients who underwent curative
hepatic resection (RO resection) for a single HCC and
who underwent pre-operative, gadoxetic acid—enhanced
MR imaging were included in our study. The mean time
interval between gadoxetic, acid—enhanced MR imaging
and surgery was 15 + 3 days.

Curative resection was defined as resection with a
tumor-free margin and no residual tumors in the rem-
nant liver, and early recurrence (ER) was defined as
recurrence within the first year after HCC resection. The
medical records of all patients were reviewed retrospec-
tively, and data for demographics, laboratory results
including tumor markers, tumor pathology, and recur-
rence were collected for each patient. Pathology data
revealed the presence of microvascular invasion. Satellite
nodules were defined as microscopic HCC nodules sep-
arated from the main tumor. The tumor grade was
classified as low grade and high grade using Edmondson
and Steiner grading system [16]. Tumor grades I and II
belonged to the low-grade group, and tumor grades III

Pathologic confirmed HCCs with curative hepatic
resection from Jan 2012 to Dec 2013 (n=294)

Exclude patients with

*Multiple lesions (n=29)

—> | *No preoperative gadoxetic acid—enhanced MRI (n=42)
*Underwent preoperative treatment (n=37)
Extrahepatic metastases (n=7)

Single HCC
- untreated lesions before surgery
- preoperative gadoxetic acid—enhanced MRI
(n=179)

Fig. 1. Flowchart shows study group inclusion process.
Numbers in parentheses are numbers of patients. HCC:
Hepatocellular carcinoma, MRI: magnetic resonance imaging.

and IV belonged to the high-grade group. For follow-up
after surgery, patients were followed in the outpatient
clinic every 3 months for the first 2 years and every
6 months thereafter. We evaluated recurrence on the
basis of laboratory measurements including alpha-feto-
protein (AFP) and prothrombin induced by vitamin K
absence or antagonist-II (PIVKA-II) and dynamic
computed tomography or magnetic resonance imaging at
each visit. Recurrence was defined as the appearance of a
new lesion compatible with HCC on radiologic exami-
nation during the follow-up period or pathologic result
according percutaneous liver biopsy or additional sur-

gery.

MR techniques

MR examinations were performed using 1.5 T MR
scanners (Signa Excite, GE Medical Systems, Milwaukee,
WI, USA, n = 90) and 3T MR scanners (Magnetom
Verio or Magnetom Trio, Siemens Healthcare, Erlangen,
Germany, n = 50; Ingenia, Philips Medical System, Best,
Netherlands, n = 39). Our liver MRI protocol consisted
of a breath-hold, fat-saturated, T2-weighted, fast spin
echo or turbo spin echo (TSE) sequence, a breath-hold,
T1-weighted, dual-echo (in-phase and opposed-phase)
gradient-echo (GRE) sequence, dynamic, 3D fat-satu-
rated, T1-weighted GRE sequences, and free-breathing
DWTI using a single-shot echo-planar imaging sequence.
Dynamic 3D fat-saturated, T1-weighted GRE sequences
were performed both before and after administration of
contrast medium (gadoxetic acid, Primovist ©, Bayer
Healthcare, Berlin, Germany). All of the patients received
a rapid bolus of 1mL/10kg per body weight
(0.025 mmol/kg) of gadoxetic acid at a rate of 1.5 mL/s,
immediately followed by a 30-mL saline flush through an
antecubital venous catheter and using a power injector
(Spectris Solaris EP, MEDRAD Inc., Warrendale, PA,
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USA). The arterial phase was scanned seven seconds after
the contrast media had arrived at the distal thoracic aorta,
and the portal venous phase, transitional phase, and
hepatobiliary phase (HBP) images were subsequently
obtained 50 s, 3 and 20 min, respectively, after starting
the contrast medium injection. The detailed scanning
parameters of the MR equipment used are summarized in
Table 5 in Appendix. Subsequently, DWIs were obtained
using a free-breathing, single-shot echo-planar imaging
pulse sequence with diffusion gradients applied in three,
orthogonal directions and using b values of 0, 100, and
800 mm?/s. ADC maps were automatically generated on a
pixel-by-pixel basis.

Image analysis

Two radiologists (JH Kim and ST Kim with 17 and
5 years, respectively, of clinical experience in abdominal
MR imaging) who were blinded to the clinical, labora-
tory, and pathology information, independently deter-
mined whether the following imaging features were
present or absence in each HCC: (a) peritumoral
parenchymal enhancement in the arterial phase, defined
as grossly hyperarterial contrast material enhancement
outside of the tumor border that becomes isointense with
background liver parenchyma in the later dynamic phase
images, regardless of shape (e.g., wedge shaped or cir-
cumferential); (b) capsule, defined as a distinct, low-sig-
nal-intensity ring with enhancement along the tumor
border; (c) peritumoral hypointensity in the HBP, de-
fined as an irregular, wedge-shaped, or flamelike area of
low signal intensity in the liver parenchyma located
outside of the tumor margin in the hepatobiliary phase
[17]; (d) non-smooth tumor margin in the HBP and
which is considered to be present in a multinodular
confluent, nodular with extranodular extension, and/or
infiltrative shaped tumor; (e) satellite nodules which are
lesions as satellites were defined as tumors < 2 cm in size
and located < 2 cm from the main tumor [18]; (f) intra-
tumoral fat; (g) intra—hepatic, portal-vein thrombus;
(h) washout, defined as the arterial-enhanced portion of
the tumor changed to lower signal than the surrounding
liver tissue seen on the portal phase; (i) HBP signal
intensity; and (j) diffusion restriction with a high b value
(800 s/mm?). When there was a discrepancy between the
two radiologists’ diagnoses, the third reviewer JK Han
made the final decision. One radiologist (AJ Ahn) mea-
sured the tumor size, defined as the maximum diameter
of each tumor as measured using the electronic caliper on
the picture-archiving and communication system.

Computerized texture analysis

The HBP images were retrieved from our institution’s
archive and were loaded onto a standard workstation for
further texture analysis. Our personal, computer—based,

in-house software program (Medical Imaging Solution
for Segmentation and Texture Analysis) was used for
lesion segmentation with fully automated quantification
of texture features implemented using a dedicated
C+ + language (Microsoft Foundation Classes; Micro-
soft, Redmond, WA, USA). Image examples are shown
in Fig. 2. Prior to performing texture analysis, two
radiologists (JH Kim and SJ Ahn with 17 and 5 years,
respectively, of experience in abdominal MR imaging)
reviewed the HBP images and selected in consensus the
most representative HCC image plan. One radiologist
(AJ Ahn) then performed segmentation of the HCC by
manually drawing a region of interest around the outline
using the texture analysis software program. For tumor
texture analysis, a region of interest was initially delin-
eated around the tumor outline in order to show the
largest cross-sectional area in a single HCC and texture
features were then automatically calculated. Analyzed
texture features included histogram features and mor-
phologic features. The histogram parameters analyzed
included mean attenuation, standard deviation, skewness
(skewness of the pixel distribution), kurtosis (magnitude
of the pixel distribution), entropy (irregularity), and
homogeneity. The following morphologic and texture
features were then obtained: sphericity; discrete com-
pactness; gray-level co-occurrence matrix (GLCM) mo-
ments; the GLCM angular second moment (ASM); the
GLCM inverse difference moment (IDM); GLCM con-
trast; and GLCM entropy.

Statistical analysis

In order to compare the presence and absence of early
recurrence, MVI, and a different tumor grade, we used
the Student 7z, the Mann—Whitney U test, the cui-square,
or Fisher exact test. The cui-square or Fisher’s exact test
was used to examine the relationships between pathology
and image findings. Logistic regression analysis was
performed in order to identify significant predictors.
First, univariate analysis was performed for each image
finding and texture parameter, and only variables with
P-values < 0.05 were selected as input variables for
multivariate analysis. Receiver—operating characteristics
analysis was used for single predicting variables as well as
for regression equations in order to evaluate their diag-
nostic ability of early recurrence. Inter-observer agree-
ment was evaluated using the Cohen k coefficient. A k
statistic of 0.8—1 was considered to indicate excellent
agreement; 0.6-0.79, good agreement; 0.4-0.59, moder-
ate agreement; 0.2-0.39, fair agreement; and 0-0.19, poor
agreement. Two-sided P < 0.05 was considered to
indicate a statistically significant difference. All analyses
were performed by using the software SPSS version 18.0;
SPSS, Chicago, IL, USA or MedCalc for Windows,
version 16.8.4; Med Calc Software, Mariakerke, Bel-
gium).
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Fig. 2. CT texture analysis software program. The

segmentation of hepatic metastasis was manually
conducted by using an in-house software program and

Results

Early recurrence after curative resection of HCC was
found in 38 patients (38/179, 21%, Table 1). 33 patients
were diagnosed with image finding and residual 5 pa-
tients diagnosed with pathology. The mean time to early
recurrence was 9 + 6.4 months (range 1-11 months).
Sixty-eight patients had MVI (n = 68/179, 38%). Low-
grade HCC (grade I = 12 and IT = 79) was found in 91
patients (n = 91/179, 50.8%), and high-grade HCC
(grade III = 76 and IV = 12) was found in 88 patients
(n = 88/179, 49.2%). In patients with early recurrence,
significantly more MVI was observed (59.9%, 22/38)
than in patients with non-early recurrence (32.6%,
46/141, P = 0.004), and high-grade HCC was more
commonly observed in the early recurrence group
(3.42 £ 0.43) than in the non-early recurrence group
(2.76 £ 0.49) (P < 0.001).

Common MR findings of early recurrence, M VI,
and a higher tumor grade

The common findings of early recurrence included a non-
smooth tumor margin, peritumoral parenchymal
enhancement, peritumoral hypointensity on the HBP, the
absence of a radiologic capsule, satellite nodules, and
portal-vein thrombus (P < 0.05). MVI was significantly
associated with larger tumor size, a non-smooth tumor
margin, peritumoral hypointensity on the HBP, washout,
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texture features of the nodules were automatically extracted
and calculated by the software program.

portal-vein thrombus, and a satellite nodule (P < 0.05).
High tumor grade was significantly associated with per-
itumoral enhancement, peritumoral hypointensity on the
HBP, diffusion restriction, hypointensity on the HBP,
and satellite nodules (P < 0.05). Peritumoral
hypointensity and satellite nodules revealed significant
findings in early recurrence, MVI, and high tumor grade.
Table 2 summarizes the common findings of early
recurrence, MVI, and high tumor grade. Each MRI
finding showed good or excellent inter-observer agree-
ment (k = 0.69-0.87).

Common texture variables of early recurrence,
MVI, and high tumor grade

The texture analysis variables for the prediction of early
recurrence included entropy, GLCM ASM, and GLCM
Entropy (P < 0.05). In MVI, the significant texture fea-
tures included sphericity and discrete compactness
(P < 0.05). However, there were no significant, associated
texture variables in high tumor grade (Table 3, Fig. 3).

Important MR findings and texture variables
for predicting early recurrence, MVI, and high
tumor grade

Table 4 summarizes the MR findings and texture vari-
ables used to predict the early recurrence of HCC, MVI,
and high tumor grade. Both peritumoral hypointensity
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Fig. 3. A 73-year-old man with a 4.5 cm HCC with high
tumor grade (Edmondson and Steiner's grade lll) and
microvascular invasion. Arterial phase MR image (A) shows
a 45cm mass in segment VII of the liver. Peritumoral
enhancement in the arterial phase is noted (arrows). HBP MR

images (B, C) show peritumoral hypointensity (arrows) and
three satellite nodules (arrowheads). The GLCM ASM of the
mass on the HBP was 0.001. Gross specimen (D) reveals five
satellite nodules (arrowheads).

Table 2. Common MRI findings of early recurrence, microvascular invasion, and high tumor grade

MRI findings Early recurrence Microvascular invasion Tumor grade Kappa
value
Absent Present P value Absent Present P value Low grade High grade P value
(n = 141, %) (n = 38, %) (n =111, %) (n = 68, %) (n =91, %) (n = 88, %)

MR size (mm) 40.9 £+ 26.8 54.0 £ 37.5 0.05 38.1 +26.1 527+£332 < 0.01 425+277 449 £+ 319 0.59 0.78

Margin_non 65 (46) 27 (71) < 0.01 46 (41) 46 (68) < 0.01 41 (45) 51 (58) 0.08 0.73
smooth

Peritumoral 44 (31) 20 (53) 0.01 33 (30) 31 (46) 0.37 25(27) 39 (44) 0.02 0.79
enhancement

Peritumoral 40 (28) 21 (55) < 0.0 26(23) 35 (51) < 0.0 23(25) 38 (43) 0.01 0.76
hypointensity

Diffusion 134 (95) 37 97) 0.54 105 (95) 6 (9) 0.49 84 (92) 87 (99) 0.03 0.87
restriction

Radiologic cap- 97 (69) 17 (45) < 0.01 68 (61) 46 (68) 0.46 64 (70) 50 (57) 0.06 0.77
sule

Hypo SI on 16 (11) 1(3) 0.10 11 (10) 6 (9) 1 13 (14) 88 (100) 0.03 0.73
HBP

Intratumoral fat 40 (28) 13 (34) 0.48 33 (30) 20 (29) 1 32 (35) 21 (24) 0.10 0.78

Washout 110 (78) 31 (82) 0.63 80 (72) 61 (90) < 0.01 67 (74 74 (84) 0.09 0.69

PVT 4(3) 5(13) 0.01 55 4(6) < 0.01 2(2) 7®8) 0.08 0.72

Satellite nodule 7 (5) 8 (21) < 0.01 3(3) 12 (18) < 0.01 3(3) 12 (14) < 0.01 0.74

Independent sample 7- test
PVT, portal vein thrombus



Table 3. Comparison of texture variable of HCC in early recurrence, microvascular invasion, tumor grade
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0.49
0.89
0.86
0.14
0.86
0.49
0.82
0.55
0.42

1.92 £+ 2.09
4.73 £ 0.68
0.02 £ 0.01
—1.42+£0.74

1.71 £ 2.40
4.66 + 0.71
0.02 £ 0.02
— 1.40 + 0.67

0.60
0.69
0.99
< 0.01
< 0.01

1.70 + 1.69
4.72 £ 0.71
0.02 £ 0.02
— 1.61 £0.76

1.87 £ 2.53
4.68 £ 0.68
0.02 £ 0.02
— 1.28 £ 0.63

0.83
0.03
0.88
0.14
0.08
0.99
0.01
0.12
0.88
0.01

1.74 £ 1.97
491 £ 0.69
0.022 £ 0.013
— 1.58 £ 0.81

1.83 £2.32
4.64 £ 0.69

Kurtosis

Entropy

0.02 £ 0.018
— 1.36 £ 0.66

Homogeneity
Sphericity

1.70 £ 0.24
1.87 £ 0.97
0.01 £ 0.01
0.09 £ 0.06
1209.88 + 1933.747

1.76 £ 0.31

1.65 £ 0.21

1.78 £ 0.29

1.66 £+ 0.26
1.86 £ 0.85
0.01 £ 0.01
0.08 £ 0.04
1079.03 £ 1584.46

1.75 £ 0.28

Discrete Compactness

GLCM Moments

1.85 £ 0.87

0.01 £ 0.01

0.10 £ 0.06
1032.93 + 2007.49

0.98
0.41
0.11
0.73
0.18

1.86 £ 0.92

0.01 £ 0.01

0.10 £ 0.06
1054.09 £ 2020.13

1.86 £ 0.92

0.01 £ 0.01

0.89 £ 0.06
1160.25 £+ 1943.59

1.86 £ 0.94

0.03 £ 0.01

0.10 £ 0.06
1130.94 £ 2064.07

GLCM ASM

GLCM IDM

GLCM Contrast

S. J. Ahn et al.: Hepatocellular carcinoma: preoperative gadoxetic acid

343 £ 042

3.38 £ 0.41

3.46 + 0.41

3.37 £ 0.41

3.56 + 0.41

3.36 £ 0.40

GLCM, gray-level values in the matrix; GLCM ASM, angular second moment; GLCM IDM, inverse difference moment

Except where indicated, data are mean =+ standard deviation

Independent sample #- test

GLCM Entropy
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on the HBP and the presence of a satellite nodule were
significant independent predictors (P < 0.05); peritu-
moral hypointensity and the presence of a satellite nod-
ule in early recurrence; peritumoral hypointensity and
the presence of a satellite nodule for MVI; and peritu-
moral hypointensity and the presence of satellite nodules
for a high tumor grade. The sensitivity, specificity, PPV,
and NPV for satellite nodule detection on MRI were
47.36%, 96.25%, 60%, and 93.9%, respectively.

Diagnostic performance of MRI findings
and texture variables for predicting the early
recurrence of HCC

Using the MRI findings, including the presence of a
satellite nodule, non-smooth tumor margin, peritumoral
enhancement, peritumoral hypointensity, and the ab-
sence of a radiologic capsule, the diagnostic performance
for predicting early recurrence was 0.7 (SD 0.604—0.790).
When we apply both MR findings and texture variables
including entropy, GLCM ASM, and GLCM Entropy,
the diagnostic performance for predicting early recur-
rence was improved up to 0.83 (SD 0.787-0.894).

Discussion

Early recurrence after surgical resection of HCC varied
from 20.8% to 44% [19, 20]. Therefore, the pre-operative
risk stratification of early recurrence is important for
determining the best candidates for surgical resec-
tion. MVI and higher tumor grade are also important
factors not only for predicting early recurrence, but also
for assessing long-term patient survival [21, 22]. In our
study early recurrence was noted in 21.2% (38 of 179) and
that rate correlates well with that seen in previous studies
[19,20]. In our study, MVI (59.9%, 22/38, P = 0.004) and
a high tumor grade (26.3%, 10/38, P < 0.001) were sig-
nificantly higher in the early recurrence group. Both
peritumoral hypointensity on the HBP and the presence of
satellite nodules were significant independent predictors
of the early recurrence, MVI, and high tumor grade.
When we apply both MR findings and texture variables,
the diagnostic performance for prediction of early recur-
rence was improved to 0.83 from 0.72.

According to previous reports, MR findings including
a non-smooth tumor [10], washout [23], peritumoral
hypointensity on the HBP [19], a pseudocapsule [24], and
the ADC value [11] are important for the prediction of
early recurrence, MVI, and a high tumor grade. In our
study, peritumoral hypointensity and satellite nodules
were significant findings for predicting early recurrence,
MVI, and a high tumor grade (P < 0.05). Kim et al. [17]
reported that the peritumoral hypointensity showed high
specificity (93.2%) and a PPV of 88.5% for MVI in 104
patients with HCC. They explained that these results
were caused by decreased uptake of gadoxetate disodium
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Table 4. Important MR findings and texture analysis variables to predict early recurrence, microvascular invasion, and high tumor grade

Variable Adjusted odds ratio P value
Early recurrence Peritumoral hypointensity 2.921 (1.343, 1.030) 0.007
Absence of radiologic capsule 2.86 (0.763, 0.161) 0.008
Satellite nodule 4.7 (1.426, 15.495) 0.011

GLCM ASM
Peritumoral hypointensity
Washout

Satellite nodule
Sphericity

Peritumoral hypointensity
HBP SI_iso/high
Diffusion restriction
Satellite nodule

Microvascular invasion

High tumor grade

2.389 (0.915, 6.240) 0.04

2.99 (1.480, 6.040) 0.002
4.316 (1.558, 11.953) 0.005
7.972 (1.839, 34.563) 0.006
0.499 (0.316, 0.788) 0.003
1.857 (0.960, 3.593) 0.031
0.281 (0.086, 0.920) 0.048
5.894 (0.698, 49.789) 0.041
3.983 (1.039, 6.356) 0.044

Data are adjusted odds ratios per one standard deviation change; data

by hepatocytes caused by obstruction of minute, portal
branches by tumor thrombi, and resulting in hemody-
namic changes. Choi et al. [25] also determined that if the
intra-hepatic portal vein is occluded and hepatic arterial
flow is insufficiently compensated, the liver parenchyma
is injured, and thus causing edema, hepatocytic deple-
tion, and fibrosis that may result in peritumoral
hypointensity. As mentioned above, perfusion changes
by MVI of HCC may affect the organic anion trans-
porting peptides or the canalicular transporter multidrug
resistance-associated protein 2 within hepatocytes, and
which are known to cause the uptake of gadoxetate
disodium [26, 27]. In our study, peritumoral hypointen-
sity on the HBP showed a significant prediction of early
recurrence, MVI, and high tumor grade.

In our study, the presence of a satellite nodule also
had a significant prediction of early recurrence, MVI and
a high tumor grade. According to previously published
reports, the presence of satellite nodules was a significant
predictive factor for recurrence. Plessier et al. [28] re-
ported that in 28 patients who had satellite nodules, se-
ven had recurrence, whereas in 41 patients who did not
have satellite nodules, no recurrence developed and that
the presence of satellite nodules was the only significant
predictive factor for recurrence after liver transplanta-
tion (P < 0.001) and was also significantly correlated
with MVI (P = 0.002). And Pesi et al. [29] found that
the disease-free survival after liver resection for HCC at
one, three and five years in patients with and without
satellite nodules was 84%, 34%, and 25% vs. 90%, 64%,
and 46%, respectively (P = 0.01). Those results suggest
that development of satellite nodules favors vascular
invasion and also tumor recurrence. Gadoxetic acid—en-
hanced MRI provides high specificity for the detection of
satellite nodules. In our study, the specificity and NPV
for satellite nodules were 96.25%, and 93.9%, respec-
tively.

Even though MRI findings are important for the
prediction of early recurrence, texture analysis may be
useful for improving the diagnostic performance of MRI.

in parentheses are 95% confidence intervals

In our study, the diagnostic performance for the pre-
diction of early recurrence was improved up to 0.83 from
0.72 when we applied both MR findings and texture
variables. Investigations of texture analysis for early
detection of liver malignancy have shown promising re-
sults using CT images. Ganeshan et al. found that the
diagnostic performance of entropy for the diagnosis of
liver metastasis was 0.802(P < 0.0005) in 32 patients [30]
and that the gray-level distribution performed well for
detecting malignancies and with an 81.7% accuracy for
classifying malignancies in the 80 malignant liver tumors
[31]. However, there have only been few studies regard-
ing the texture analysis of HCC. Zhou et al. [32] studied
the use of gadoxetic acid-enhanced MRI data regarding
46 consecutive patients with resected HCC in order to
determine the performance of texture features for dif-
ferentiating the tumor grade. They concluded that tex-
ture features indexed by a lower mean intensity value and
gray-level, run-length non-uniformity in the arterial
phase proved to be associated with a high grade. In our
study, lower GLCM ASM was significantly associated
with early recurrence. That result was well-correlated
with those of previous studies because the GLCM ASM
measures the local uniformity of the gray levels [33].
When pixels differ, the ASM value will be small [33].
Therefore, small GLCM ASM indicates locally hetero-
geneity which is a well-recognized feature of malignancy
that reflects areas of high cell density, necrosis, hemor-
rhage, and myxoid change [34].

Our study has several limitations. First, it was a ret-
rospective study which means that it is subject to
potential bias. We also used three, different MR scan-
ners. Even though, this is also a potential bias, we ac-
quired data using the standard liver MRI protocol.
Second, as the texture variables in this study were derived
from the results of manual segmentation by a radiologist,
these results can be significantly influenced by a subjec-
tive tendency or bias on the part of the observers.
However, manual segmentation is the current reference
standard for lesion segmentation, particularly in the case
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of infiltrative lesions as their margins are often indistinct
from the normal hepatic parenchyma and therefore not
technically easy to automatically segment. Nevertheless,
we believe that a reliable and robust automatic boundary
extraction method should be further developed in order
to address the variability issue. Finally, in our study, we
used 2D texture analysis. Even though, 2D texture
analysis is more common than 3D texture analysis in the
previous published studies, theoretically, whole tumor
analysis is better than 2D analysis. In future work, we
need to investigate whole tumor texture analysis.

When we plan curative surgical resection of an HCC,
risk stratification of the individual risk of early tumor
recurrence using pre-operative MRI findings and texture
analysis can be used to tailor the management. In our
study results, MRI findings, including peritumoral
hypointensity and satellite nodules, were independent
predictors for early recurrence, MVI, and high tumor
grade after curative resection of a single HCC. In this
study, when we applied both MRI findings and texture
variables, the diagnostic performance for the prediction

Table 5. MR imaging parameters

of early recurrence was improved. Further clinical and
technical validations of this texture analysis need to be
carried out in order to confirm these results.
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Appendix
See Table 5.

Sequence® Field strength (T)® FOV Slice thickness Intersection Gap TR/TE Flip angle (de- Matrix
(mm) (mm) (mm) (msec) grees)
Dual-echo T1-weighted 1.5 (Signa Excite 350 x 350 6 3 7.9/2.3 12 320 x 192
GRE HD)
3.0 (Magnetom 400 x 400 3 0 4.4/1.3 9 320 x 256
Verio)
3.0 (Magnetom 380 x 380 3 0 4.5/1.3 9 320 x 256
Trio)
3.0 (Ingenia) 410 x 410 6 3 4.3/2.3 10 368 x 299
T1-weighted 3D GRE 1.5 (Signa Excite 380 x 380 6 3 4.5/2.2 12 320 x 224
HD)
3.0 (Magnetom 400 x 400 3 0 3.5/1.3 11 384 x 278
Verio)
3.0 (Magnetom 380 x 380 3.2 0 3.4/1.3 11 384 x 292
Trio)
3.0 (Ingenia) 410 x 410 6 3 43 x 0.0 10 368 x 299
Diffusion-weighted 1.5 (Signa Excite 380 x 380 5 6 4500/64.6 90 128 x 96
imaging HD)
3.0 (Magnetom 400 x 400 7 7 2100/61 90 128 x 128
Verio)
3.0 (Magnetom 380 x 380 6 6.6 3000/63 180 128 x 128
Trio)
3.0 (Ingenia) 410 x 410 7 7 1427.7/69.4 90 128 x 104

4GRE, gradient-recalled echo; 3D, three-dimensional; TSE, turbo spin echo

*Trade name is in parentheses
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