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Abstract
Introduction: Microvascular invasion (MVI) is one of the
most important prognostic factors for hepatocellular carci-
noma (HCC) recurrence, but its application in preoperative
clinical decisions is limited. This study aimed to identify
preoperative predictive factors for MVI in HCC and further
evaluate oncologic outcomes of different types and extents
of hepatectomy according to stratified risk of MVI.Methods:
Patients with surgically resected single HCC (≤5 cm) who
underwent preoperative gadoxetic acid-enhancedmagnetic
resonance imaging (MRI) were included in a single-center
retrospective study. Two radiologists reviewed the images
with no clinical, pathological, or prognostic information.
Significant predictive factors for MVI were identified using
logistic regression analysis against pathologic MVI and used

to stratify patients. In the subgroup analysis, long-term
outcomes of the stratified patients were analyzed using
the Kaplan-Meier method with log-rank test and compared
between anatomical and nonanatomical or major and minor
resection. Results: A total of 408 patients, 318 men and 90
women, with a mean age of 56.7 years were included. El-
evated levels of tumor markers (alpha-fetoprotein [α-
FP] ≥25 ng/mL and PIVKA-II ≥40 mAU/mL) and three MRI
features (tumor size ≥3 cm, non-smooth tumor margin, and
arterial peritumoral enhancement) were independent pre-
dictive factors for MVI. As the MVI risk increased from low (no
predictive factor) and intermediate (1–2 factors) to high-risk
(3–4 factors), recurrence-free and overall survival of each
group significantly decreased (p = 0.001). In the high MVI risk
group, 5-year cumulative recurrence rate was significantly
lower in patients who underwent major compared to minor
hepatectomy (26.6 vs. 59.8%, p = 0.027). Conclusion: Tumor
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markers and MRI features can predict the risk of MVI and
prognosis after hepatectomy. Patients with highMVI risk had
the worst prognosis among the three groups, and major
hepatectomy improved long-term outcomes in these high-
risk patients. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Hepatectomy is the standard treatment for single
hepatocellular carcinoma (HCC) with well-preserved
liver function; however, high postoperative recurrence
rate is the main obstacle to cure [1, 2]. HCC is a hy-
pervascular tumor that invades the vessels around the
tumor, even in the early stage, and spreads further into
the liver and distant organs via the portal and systemic
circulation [3]. Microscopic vascular invasion (MVI) is
the main route of intrahepatic metastasis and is associ-
ated with a higher risk of tumor recurrence after hepa-
tectomy [4–7].

Given the mechanisms of HCC spread, anatomical
resection (AR), the complete removal of the tumor-
bearing portal territory, has been recommended [8].
However, previous studies have reported conflicting re-
sults regarding the superiority of AR over nonanatomical
resection (NAR) for HCC [9–12]. Therefore, instead of
the uniform application of AR, surgical approaches such
as type or extent of resection should be determined in-
dividually based on specific tumor biological features and
patient’s liver function.

Although MVI is the main indicator of local spread
and aggressive tumor behavior, it has limited appli-
cation in preoperative clinical decisions, as it is an
indicator confirmed by postoperative microscopic ex-
amination of the surgical specimens. Several studies
have attempted to identify preoperative predictive
factors for MVI using tumor markers [13–15] or
preoperative imaging findings, including computed
tomography (CT) [16], contrast-enhanced magnetic
resonance imaging (MRI) [13, 17–19], and 18F-fluo-
rodeoxyglucose positron emission tomography [20,
21]. MRI features have been widely validated, and
several imaging features such as tumor margins,
arterial-phase peritumoral enhancement, and low
signal intensity (SI) on the hepatobiliary phase (HBP)
have demonstrated significant correlation with MVI
[13, 17, 22]. Preoperative prediction of MVI can guide
the optimal selection of initial treatment in patients
with small (≤3 cm) HCC who are candidates for
hepatectomy or radiofrequency ablation [5]. However,

no study has investigated the surgical extent of hepa-
tectomy based on the preoperative risk of MVI in
patients with resectable HCC.

We aimed to develop a predictive model for MVI using
preoperative serum markers and imaging features of
gadoxetic acid-enhanced MRI in patients who underwent
hepatectomy for single HCC (≤5 cm) and to compare
long-term outcomes between different types or extents of
hepatectomy in patients stratified according to the risk
of MVI.

Materials and Methods

Study Population
This retrospective study was reviewed and approved by the

Yonsei University Institutional Review Board, which waived the
requirement for informed consent (No. 4-2021-0173). A flow
diagram of patient selection is shown in Figure 1. A total of 608
patients who underwent curative resection for suspected HCC
between January 2008 and December 2018 were retrospectively
recruited. The following inclusion criteria were used: (1) Child-
Pugh class A patients with treatment-naïve suspected HCC; (2)
solitary tumor ≤5 cm; (3) preoperative gadolinium-
ethoxybenzyl-diethylenetriamine penta-acetic acid-enhanced
MRI (EOB-MRI) performed within 1 month of the surgery
date. As a result, 200 patients were excluded for the following
reasons: (1) HCC size larger than 5 cm (n = 94); (2) HCC not
feasible for minor resection (n = 41), such as located near the
major portal vein, hepatic vein, or centrally (hilum), which was
decided by a single surgeon with 17 years of experience; (3)
recurrent tumor (n = 26); (4) multiple HCCs (n = 17); (5)
inadequate pathologic report, missing important information
on factors such as MVI (n = 7); (6) final pathologic diagnosis of
cholangiocarcinoma (n = 6); (7) poor image quality, which
means that the radiologist could not determine radiologic
factors on multiple phases (n = 5); (8) preoperative MRI with
extracellular contrast agent (n = 2); and (9) gross vascular
thrombosis on MRI (n = 2). A total of 408 patients (318 men and
90 women; mean age ± standard deviation, 56.7 ± 9.3 years)
were included in the final study population.

Histopathological Diagnosis
The following pathologic information was acquired from the

pathologic reports and evaluated: histologic tumor grade;
presence of cirrhosis on background liver tissue, microscopic
and macroscopic vascular invasion, bile duct invasion, and
satellite nodules; and resection margins (cm). According to the
Edmondson-Steiner criteria, histologic tumor grade was cate-
gorized into two groups: I–II and III–IV. MVI was defined as
microvessel (a newly developed microvascular structure in the
tumor capsule or compressed and fibrotic peritumoral non-
neoplastic liver excluding the portal or hepatic veins, or the
hepatic artery), portal vein, hepatic vein, or hepatic artery
invasion visible only on microscopic examination [23]. Satellite
nodules were defined as microscopic nodules within 2 cm of the
main tumor [24].
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Preoperative Clinical Factors and Surgical Procedures
Preoperative laboratory examinations and operative informa-

tion were retrospectively obtained. From the electronic medical
records, demographic and medical information including age, sex,
etiology of liver disease (hepatitis B virus, hepatitis C virus, non-B,
non-C hepatitis), serum levels of albumin, platelet count, serum
total bilirubin, serum alanine transaminase, serum aspartate
transaminase, alpha-fetoprotein (α-FP), and protein induced by
vitamin K absence-II (PIVKA-II) were obtained.

Surgical type was divided into AR and NAR, or the extent of
hepatectomy (minor or major). AR involved hepatectomy of at
least one liver segment defined by Couinaud’s classification [25].
NAR was defined as hepatectomy regardless of Couinaud’s clas-
sification. Depending on the extent of the operation, minor
hepatectomy included two or fewer segments and major hepa-
tectomy included three or more segments [26, 27]. The types of
surgical procedures are summarized in Table 1.

Image Acquisition
Liver dynamic MRI scans were obtained using 3.0-T MR

scanners (Magnetom Trio Tim System, Siemens Healthcare; In-
genia or Intera Achieva, Philips Healthcare; DiscoveryMR 750, GE
Medical Systems). Routinely performed MR sequences at our
institution were as follows: dual gradient-echo in-phase and out-
of-phase T1-weighted images; navigator-triggered single-shot and
multishot T2-weighted images; diffusion-weighted imaging with b
values of 0, 50, 400, and 800 s/mm2; ADC map; and dynamic fat-
suppressed spoiled gradient-echo T1-weighted images performed
before and after intravenous injection of 10 mL of gadoxetic acid
(Primovist, Bayer Schering Pharma) at a fixed rate of 1 mL/s,

followed by a 20 mL saline bolus injection. The test bolus or bolus-
tracking technique was used to determine the scan timing of the
arterial-phase images. Additionally, portal venous phase, late
portal venous phase, transitional phase, and HBP images were
acquired at 60, 90, and 150 s as well as 15 or 20 min after ad-
ministration of the contrast agent, respectively. Detailed MRI
parameters are specified in online supplementary Table 1 (for all
online suppl. material, see https://doi.org/10.1159/000531786).

Image Analysis
Two board-certified abdominal radiologists with 4 and 23 years of

experience in hepatic imaging independently reviewed the preop-
erative dynamic liver MRI of the included patients. For each HCC,
both reviewers who were unaware of the pathologic results and
follow-up outcomes evaluated the following imaging features for
MVI [13, 17, 22, 28]: (1) tumor margins, classified as smooth
(defined as nodular tumors with smooth contours) or non-smooth
margins (defined as non-nodular tumors with irregular contours in
all imaging sequences), (2) presence or absence of arterial-phase
peritumoral enhancement (defined as detectable portion of paren-
chymal enhancement adjacent to the tumor margin in the arterial
phase, which became isointense when compared with background
liver parenchyma in the delayed phase), (3) HBP SI, categorized as
low, iso/high, or heterogeneous SI compared with background liver
parenchyma, (4) presence or absence of peritumoral low SI on HBP
(defined as hypointense area of the liver parenchyma adjacent to the
tumor margin on HBP images), (5) presence or absence of satellite
nodules (defined as small nodules located less than 2 cm from the
primary tumor), and (6) presence or absence of LR-M features
defined by the Liver Imaging Reporting and Data System (LI-RADS)

Fig. 1. A flow diagram of patient selection.
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version 2018 [19]. The location (liver segment) and maximal di-
ameter of the tumor measured on the axial HBP images were also
recorded. In this study, for consistency, we selected the axial HBP
images to measure tumor size. In case of disagreement between the
two reviewers, a consensus was reached through discussion.

Postoperative Follow-Up
All patients were postoperatively evaluated for serum tumor

markers (α-FP and PIVKA-II) and underwent dynamic CT scans.
The postoperative follow-up was performed every 3months for the
first year, every 3–6 months for the second year, and every
6 months from the third year. When a possibility of recurrence was
observed on CT scan, MRI was performed. If the HCC recurred,
the treatment for the recurred lesion, such as transarterial che-
moembolization, radiofrequency, repeated resection, or liver
transplantation, was determined by a multidisciplinary team.

Statistical Analysis
Continuous variables are expressed as either mean ± standard

deviation or median (range), as appropriate. Categorical vari-
ables are expressed as numbers and percentages. Parameters were
compared between subgroups using a two-sided t test or analysis
of variance test for parametric variables and Mann-Whitney U
test or Welch’s test for nonparametric variables. Categorical data
were evaluated using Fisher’s exact test or χ2 test. Logistic re-
gression analysis was performed to assess the clinical and MRI
features for predicting MVI. For tumor markers such as α-FP and
PIVKA-II, the optimal cut-off value chosen to predict MVI was
determined using the maximum Youden index from a receiver
operating characteristic (ROC) curve analysis. A combination of
α-FP and PIVKA-II was used for analysis as it was shown to be
more closely associated with recurrence and MVI of HCC after
hepatectomy than each tumor marker individually [29]. For
multivariate logistic regression analysis, variables with p < 0.05 in
the univariate logistic regression analysis were selected. In
multivariate logistic regression analysis, variables with p < 0.05
were selected as predictive factors for MVI. ROC curve analysis

was performed to determine the number of factors predicting
MVI. The area under the ROC curve (AUC), sensitivity, and
specificity were also calculated.

Overall survival (OS) and recurrence-free survival (RFS) were
estimated by Kaplan-Meier method using stratified Cox propor-
tional hazards regression analyses and compared using log-rank
test for patients classified by the predicted risk of MVI. To in-
vestigate the effect of the surgical procedure on HCC recurrence
according to MVI risk, cumulative recurrence rate was estimated
and compared using Kaplan-Meier method and log-rank test
according to surgical type: AR versus NAR andminor versus major
hepatectomy, respectively.

The intraclass correlation coefficient (ICC) using the two-way
random-effects model was used to analyze the interobserver re-
producibility of tumor size: ICC ≤0.20, slight; 0.21–0.40, fair;
0.41–0.60, moderate; 0.61–0.80, substantial; and 0.81–1.00, almost
perfect reliability [30]. The interobserver reproducibility of tumor
margin, arterial-phase peritumoral enhancement, peritumoral low
SI on HBP, and LR-M features was evaluated using Cohen’s κ
coefficient: κ <0.01, poor; 0.01–0.20, slight; 0.21–0.40, fair;
0.41–0.60, moderate; 0.61–0.80, substantial; and 0.81–1.00, almost
perfect agreement [30].

Statistical analyses were performed using the R software (version
3.6.0; R Foundation for Statistical Computing, Vienna, Austria) and
SPSS for Windows v.26.0 (IBM Corp.; Armonk, NY, USA). A p
value <0.05 was considered statistically significant. The Bonferroni
correction was applied to adjust p values for multiple comparisons.

Results

The baseline clinicopathological characteristics of the
patients are summarized in Table 2. In the histopatho-
logic report, macroscopic vascular invasion was con-
firmed in four (1.0%) patients and microscopic vascular

Table 1. Type of surgical procedure
Surgical type (N = 408) n (%)

Anatomical resection 306 (75.0)
Right hepatectomy

Conventional (n = 50, 12.3%) 72 (17.7)
Ventral segment-preserving (n = 22, 5.4%)

Right anterior sectionectomy 20 (4.9)
Right posterior sectionectomy 35 (8.6)
Central bisectionectomy 20 (4.9)
Left hepatectomy 30 (7.4)
Left lateral sectionectomy 36 (8.8)
Left medial sectionectomy 2 (0.5)
Segmentectomy 92 (22.5)

Nonanatomical resection 102 (25.0)

Extent of hepatectomy
Major hepatectomy (>2 segments) 122 (29.9)
Minor hepatectomy (≤2 segments) 286 (70.1)
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invasion in 176 (43.1%) patients. The mean age of pa-
tients was 56.7 ± 9.3 years, and median follow-up du-
ration was 69.3 (0.8–154.8) months.

According to the EOB-MRI image analysis, among 408
HCCs, tumor margin was smooth in 171 (41.9%) and
non-smooth in 237 (58.1%) patients. Arterial peritumoral
enhancement features were identified in 126 (30.9%),
presence of any one of the LR-M features in 30 (7.4%),
peritumoral HBP low SI in 76 (18.6%), and satellite
nodules in 28 (6.9%). Low HBP SI was confirmed in 349
(85.5%), iso/high HBP SI in 16 (3.9%), and heterogeneous
HBP SI in 43 (10.5%).

Measurement of tumor size showed almost perfect in-
terobserver agreement (ICC, 0.963; 95% confidence interval
[CI], 0.947–0.974). Interobserver agreement of imaging
features for MVI ranged from moderate to substantial
agreement between the two radiologists (κ for LR-M fea-
tures, 0.474; tumor margin, 0.760; arterial-phase peritu-
moral enhancement, 0.782; peritumoral HBP low SI; 0.689).

Predictive Factors for Microscopic Vascular Invasion
The optimal cut-off values for α-FP and PIVKA-II

determined by ROC analysis for predicting MVI were
25 ng/mL and 40 mAU/mL, respectively. In univariate
logistic regression analysis, among preoperative clinical
features, α-FP ≥25 ng/mL and PIVKA-II ≥40 mAU/mL,
and among EOB-MR imaging features, tumor size ≥3
cm, non-smooth tumor margin, LR-M feature, arterial
peritumoral enhancement, and peritumoral HBP low SI
were statistically significant predictive factors for MVI.
In the multivariate logistic regression, independent
predictive factors for MVI included (1) α-FP ≥25 ng/
mL and PIVKA-II ≥40 mAU/mL (odds ratio [OR]:
2.267; 95% CI: 1.384–3.712; p = 0.001); (2) tumor
size ≥3 cm (OR: 2.314; 95% CI: 1.481–3.615; p < 0.001);
(3) non-smooth tumor margin (OR: 2.430; 95% CI:
1.536–3.845; p < 0.001); (4) arterial peritumoral en-
hancement (OR: 2.134; 95% CI: 1.336–3.408; p = 0.002;
Table 3).

Table 2. Clinicopathologic and EOB-MR imaging characteristics of the study patients (n = 408)

Variables

Age, years 56.7±9.3
Gender (male/female) 318 (77.9)/90 (22.1)
BMI, kg/m2 24.1±2.9
Follow-up duration, median, months 69.3 (0.8–154.83)
Etiology (HBV/HCV/NBNC) 281 (68.9)/14 (3.4)/113 (27.7)
Liver cirrhosis (absent/present) 216 (52.9)/192 (47.1)
Preoperative serum α-FP, ng/mL 14.9 (1.0–38978.8)
Preoperative serum PIVKA-II, mAU/mL 350.6±47.0
Histologic features

Edmondson-Steiner grade (I–II/III–IV) 187 (45.8)/220 (53.9)/1 (N/A)
Macroscopic vascular invasion (absent/present) 404 (99.0)/4 (1.0)
Microscopic vascular invasion (absent/present) 232 (56.9)/176 (43.1)
Microscopic bile duct invasion (absent/present) 404 (99.0)/4 (1.0)
Satellite nodule (absent/present) 394 (96.6)/14 (3.4)

EOB-MR imaging features
Tumor size, mean, cm 2.77±0.95 (0.9–5.0)
Tumor margin (smooth/non-smooth) 171 (41.9)/237 (58.1)
Arterial peritumoral enhancementa (absent/present) 270 (66.0)/126 (30.9)
LR-M featuresb (absent/present) 378 (92.6)/30 (7.4)
Peritumoral HBP low SI (absent/present) 332 (81.4)/76 (18.6)
HBP SI (Low/Iso or high/heterogeneous) 349 (85.5)/16 (3.9)/43 (10.5)
Satellite nodule (absent/present) 380 (93.1)/28 (6.9)

Values are mean±SD, median (range) or frequency (%). BMI, body mass index; HBV, hepatitis B virus; HCV,
hepatitis C virus; NBNC, non-B, non-C hepatitis; α-FP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin
K absence-II; HBP, hepatobiliary phase; SI, signal intensity. aArterial peritumoral enhancement of 12 patients
was not evaluable due to the poor quality of arterial-phase images. bLR-M features were defined by the Liver
Imaging Reporting and Data System version 2018.

MVI Prediction and Surgical Decision
in HCC

Liver Cancer 2024;13:181–192
DOI: 10.1159/000531786

185

https://doi.org/10.1159/000531786


The risk of MVI stratified by the number of predictive
factors is shown in Figure 2a, b. As the number of predictive
factors increased, the risk ofMVI also increased; specifically,
microvessels and microscopic portal veins increased (p <
0.001). The ROC analysis to predict the presence of MVI
with the four predictive factors is presented in Figure 2c.
The AUC, sensitivity, and specificity were 0.706 (95% CI:
0.655–0.757), 64.2%, and 66.4%, respectively.

Long-Term Outcomes and Patient Characteristics
according to MVI Risk
Patients were classified into three different risk groups:

patients with zero predictive factors (n = 73, low-risk
group), 1–2 factors (n = 258, intermediate-risk group),
and 3 or more factors (n = 77, high-risk group). Clinical
characteristics and surgical data of the low-, intermediate-,
and high-risk groups of patients are summarized (see online
suppl. Table 1). PIVKA-II was highest in high-risk patients.
The surgical margin and preoperative laboratory results

were similar among the three groups. AR was performed
more frequently in high-risk patients, but no significant
difference was observed in the rate of major hepatectomy
between the groups. When the patients were stratified
according to MVI risk, both OS and RFS gradually wors-
ened as the MVI risk increased and was the worst in high-
risk group (OS: p = 0.004; RFS: p < 0.001; Fig. 3a, b).

Recurrence and Long-Term Outcomes according to the
Surgical Procedure for Each MVI Risk Group
Subgroup analysis was performed to investigate re-

currence according to major and minor hepatectomy in
each risk group. Major versus minor hepatectomy was
performed in 20 (27.4%) versus 53 (72.6%) patients in the
low-risk group, 78 (30.2%) versus 180 (69.8%) in the
intermediate-risk group, and 24 (31.2%) versus 53
(68.8%) in the high-risk group. In low-risk group, cu-
mulative recurrence rates were not significantly different
betweenmajor andminor hepatectomy (10.5% vs. 5.7% at

Table 3. Univariate and multivariate logistic regression analysis of preoperative clinical and EOB-MR imaging features for
microvascular invasion in study patients

Variable Univariable analysis Multivariable analysis

OR (95% CI) p value OR (95% CI) p value

Age, years 1.020 (0.998–1.042) 0.069
Gender [female, ref.] 1.134 (0.708–1.816) 0.600
Etiology

NBNC 1 (reference)
HBV 0.689 (0.444–1.069) 0.096
HCV 2.636 (0.781–8.901) 0.118

Liver cirrhosis 1.214 (0.819–1.799) 0.334
Serum albumin, g/dL 0.764 (0.439–1.332) 0.343
Serum total bilirubin, mg/dL 1.543 (0.749–3.179) 0.239
Serum platelets, 10̂3/μL 1.000 (1.000–1.000) 0.588
Serum ALT, IU/L 0.996 (0.987–1.005) 0.349
Serum AST (IU/L) 0.995 (0.995–1.007) 0.380
α-FP ≥25 ng/mL and PIVKA-II ≥40 ng/mL 2.522 (1.601–3.974) <0.001* 2.267 (1.384–3.712) 0.001*
EOB-MR imaging feature

Tumor size ≥3 cm and ≤5 cm 2.253 (1.496–3.391) <0.001* 2.314 (1.481–3.615) <0.001*
Non-smooth tumor margin [smooth, ref.] 3.009 (1.977–4.580) <0.001* 2.430 (1.536–3.845) <0.001*
LR-M featuresa 2.846 (1.297–6.248) 0.009*
Arterial peritumoral enhancement 2.621 (1.699–4.045) <0.001* 2.134 (1.336–3.408) 0.002*
Peritumoral HBP low SI 2.929 (1.743–4.924) <0.001*
Iso/High HBP SI [low SI, ref.] 0.408 (0.129–1.289) 0.127
Satellite nodule 1.570 (0.727–3.390) 0.251

OR, odds ratio; CI, confidence interval; NBNC, non-B, non-C hepatitis; HBV, hepatitis B virus; HCV, hepatitis C virus; ALT, serum
alanine transaminase; AST, serum aspartate transaminase; α-FP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-
II; HBP, hepatobiliary phase; SI, signal intensity. *Statistically significant results from logistic regression analysis. Variables with p <
0.05 in the univariate logistic regression analysis were subjected to multivariate logistic regression analysis. aLR-M features were
defined by the Liver Imaging Reporting and Data System version 2018.
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2 years, 10.5% vs. 15.7% at 5 years, p = 0.574; Fig. 4b). In
intermediate risk group, cumulative recurrence rate was
similar betweenmajor and minor hepatectomy, especially
until 2 years (12.0% vs. 13.2% at 2 years, 16.9% vs. 33.1%
at 5 years, p = 0.078; Fig. 4d). In contrast, in high-risk
group, cumulative recurrence rate was significantly lower
in patients with major hepatectomy than that in patients
with minor hepatectomy (17.1% vs. 42.4% at 2 years,
26.6% vs. 58.3% at 5 years, p = 0.040; hazard ratio [HR]:
0.445; 95% CI: 0.201–0.983, p = 0.045; Fig. 4f).

In the low- and intermediate-risk groups, OS of pa-
tients who underwent minor and major hepatectomy did
not show a statistically significant difference (low: p =

0.178; intermediate: p = 0.917; Fig. 4a, c). In the highMVI
risk group, OS of patients with minor and major hepa-
tectomy was not statistically different; however, OS of
major hepatectomy was numerically higher than that of
minor hepatectomy (91.5% vs. 84.1% at 2 years, 86.9% vs.
71.6% at 5 years, p = 0.261; Fig. 4e).

For the low-, intermediate-, and high-risk groups, AR
was performed in 50 (68.5%), 180 (69.8%), and 68
(86.1%) patients, respectively. Regarding the type of
surgical resection, OS and RFS of AR and NAR were not
significantly different among the three risk groups (low,
OS, p = 0.716; RFS, p = 0.450; intermediate, OS, p = 0.513;
RFS, p = 0.261; high, OS, p = 0.705; RFS, p = 0.834).

a

b c

Fig. 2. a, b Predicted risk of microscopic vascular invasion and (c) ROC according to the number of predictive
factors for MVI. As the number of predictive factors increased, the risk of MVI increased, specifically, microvessel
and microscopic portal vein invasion increased (p < 0.001). The AUC, sensitivity, and specificity were 0.706 (95%
confidence interval: 0.655–0.757), 64.2%, and 66.4%, respectively.
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Discussion

The present study demonstrated that elevated tumor
marker levels (α-FP ≥25 ng/mL and PIVKA-II ≥40 mAU/
mL) and three EOB-MRI features (tumor size ≥3 cm,
non-smooth tumor margin, and arterial peritumoral
enhancement) were independent predictive factors of
MVI in patients with single HCC ≤5 cm. As the MVI risk
increased from low (no predictive factor) and interme-
diate (1–2 factors) to high risk (3–4 factors), the RFS and
OS of each group gradually decreased. The high-risk
group had significantly poorer RFS and OS than the
low- and intermediate-risk groups, respectively. Addi-
tionally, major hepatectomy resulted in a significantly
lower cumulative recurrence rate than minor resection in
the high-risk group.

Preoperative prediction of MVI has been an active
research topic in recent years because it is one of the most
reliable indicators of biological aggressiveness of HCC.
Several studies have revealed that preoperative tumor
markers and specific findings in preoperative imaging
studies are associated with the presence of MVI in HCCs
[13–17, 19–22]. In accordance with these studies, elevated
tumor marker levels (α-FP ≥25 ng/mL and PIVKA-
II ≥40 mAU/mL), tumor size ≥3 cm, non-smooth tumor
margin, and arterial peritumoral enhancement were

found to be independent predictive factors for the
presence of MVI in our study. Tumor marker levels and
tumor size are well-proven factors for tumor invasiveness
and poor prognosis. α-FP and PIVKA-II are known to be
complementary markers for HCC [31]. Furthermore,
our previous study reported that combined assessment of
α-FP and PIVKA-II was more strongly associated with
MVI and prognosis after surgical resection than indi-
vidual tumor markers [29]. Non-smooth tumor margins
might represent non-boundary gross growth patterns,
including single nodular with extranodular growth type,
multinodular confluent type, and infiltrative type. Pre-
vious studies have reported that these gross patterns
showed a higher risk of MVI, more stemness features, and
poorer prognosis than single nodular growth type
[32–34]. Arterial peritumoral enhancement on contrast-
enhanced MRI has been reported to be a predictive factor
for MVI in previous studies [17, 18, 35], which may be
attributed to arterial hyperperfusion in compensation for
decreased or absent portal flow in the area of micro-
vascular invasion (MVI) [36].

Our MVI prediction model using four predictive
factors for HCC less than 5 cm showed moderate ac-
curacy with an AUC value of 0.706, sensitivity 64.2%, and
specificity 66.4% [37]. In a previous study, the MVI
prediction model using four predictive factors (α-FP and

a b

Fig. 3. a, b Overall survival and recurrence-free survival depending on MVI risk OS and RFS gradually got worse
as the MVI risk increased and were worst in the high-risk group (OS: p = 0.004; RFS: p < 0.001.
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PIVKA-II, arterial peritumoral enhancement, and peri-
tumoral HBP low SI) showed an AUC value for 0.87 for
small single HCC of less than 3 cm [5]. In our model,
these four predictive factors could stratify the predicted
risk of MVI from 17.8% in patients with zero factors to
88.9% in those with four. As the MVI risk increased from
low to intermediate to high, the RFS and OS of each group
gradually decreased, in agreement with poor prognostic
effect of long-term outcomes of MVI. In addition, high-
risk group had a poorer prognosis than the intermediate
group due to the higher predicted proportion of mi-
croscopic portal vein invasion, which had a worse
prognosis than microvessel invasion in patients who
underwent surgical resection or liver transplantation for
HCC in our previous study [23].

Development of an appropriate method for preoper-
ative prediction of MVI should be clinically incorporated
into the proper selection of treatment modality and
optimal selection of the type and extent of hepatectomy in
patients with HCC. Imai et al. [15] found that α-
FP ≥15 ng/mL, PIVKA-II ≥100 mAU/mL, and tumor
size ≥2 cm were associated with the presence of MVI in
patients with single small HCC (≤3 cm). In patients with
2 or 3 predictive factors, radiofrequency ablation resulted
in poorer OS and higher local recurrence than in patients
with zero or 1 predictive factor. Bai also reported that
hepatectomy demonstrated decreased recurrence and
improved OS compared to radiofrequency ablation in
Milan criteria HCC patients with a predicted high risk of
MVI [7, 38]. Lee et al. [5] developed an MVI risk score to
accurately predict MVI using tumormarkers and imaging
features of EOB-MRI in patients with a single, small (≤3
cm) HCC, and demonstrated that surgical resection
provided a significantly lower early recurrence rate than
radiofrequency ablation in patients at high risk of MVI.
These results may be because wider resection or AR can
remove the main and microsatellite tumors more radi-
cally than radiofrequency ablation in HCC with MVI.
Therefore, HCC with high MVI risk through a preop-
erative prediction system should receive surgical resec-
tion rather than radiofrequency ablation as the initial
treatment, even if the tumor size is 3 cm or less.

Traditionally, AR has been recommended for HCC [8].
Two meta-analyses demonstrated that AR seems to
provide better long-term outcomes than NAR in patients

who underwent curative resection for HCC [9, 10].
However, several studies have not shown any superiority
of AR in terms of long-term oncologic outcomes [11, 12].
These contradictory results may be mainly due to het-
erogeneity in the tumor stage. The reported detection rate
of MVI ranged from 23.3 to 74.4% in the pathological
examinations [4]. Several recent studies have demon-
strated that AR is associated with reduced postoperative
recurrence and prolonged OS in HCC with MVI [34, 39,
40]. Yamamoto et al. [41] demonstrated that sectionec-
tomy or larger resection was suitable for patients with
MVI, and Wong et al. [42] suggested that major hepa-
tectomy is required to improve long-term survival in
HCC (<5 cm) with MVI. Therefore, AR or major hep-
atectomy seems to have oncologic benefits only in pa-
tients with MVI.

To the best of our knowledge, this study is the first
to demonstrate that different types and extents of hep-
atectomy should be selected according to the preop-
eratively predicted risk of MVI. In patients without
predictive factors, AR or major hepatectomy did not
provide any advantages over NAR or minor hepatec-
tomy. However, major hepatectomy resulted in a sig-
nificantly lower cumulative recurrence rate than minor
hepatectomy in patients with high MVI risk. In our
previous report, HCC vascular invasion progressed
from peritumoral microvessel invasion to microscopic
portal vein invasion located further away from the
original tumor [23]. Due to a higher proportion
(22.0–27.8%) of microscopic portal vein invasion in
these patients, major hepatectomy rather than minor
hepatectomy seemed to radically remove the main
tumor and micrometastases confined to the same liver.

This study had several limitations. First, it only in-
cluded patients with single and small HCC (≤5 cm). The
poor prognosis of large and multiple HCCs after surgical
treatment is related to tumor characteristics rather than
the type and extent of surgical resection [12, 43].
Therefore, to investigate the necessity of a tailored sur-
gical approach according to the risk of MVI, we confined
the study population to a single HCC ≤5 cm in diameter.
Second, the tumor location can also affect the extent of
hepatectomy. In our study, despite the possibility of
selection bias, 41 patients were excluded because minor
hepatectomy was not feasible due to either the location in

Fig. 4. Overall survival and cumulative recurrence rate according to extent of hepatectomy on low (a, b), in-
termediate (c, d), and high MVI risk group (e, f), respectively. Cumulative recurrence rate was similar between
major versus minor hepatectomy in low (10.5% vs. 15.7% in 5-year, p = 0.574) and intermediate (16.9% vs. 33.1%
in 5-year, p = 0.078) groups, and significantly worse in the high-risk group (26.6% vs. 59.8%, p = 0.040) by the
Kaplan-Meier method and log-rank test.
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the deep parenchyma or proximity to the hilar vascular
structure. Third, major hepatectomy is not recommended
in patients with poor liver function or small future
remnant volume. Our study only included Child-Pugh A
patients, and ventral segment-preserving right hepatec-
tomy (n = 22) and central bisectionectomy (n = 20) were
performed in patients with small future remnant volumes
instead of right hepatectomy and extended right hepa-
tectomy, respectively [8, 44, 45]. Lastly, this is a single-
center, retrospective study that lacks external validation.
An internal validation done by splitting our cohort into
training and validation datasets could be another option
for a more reliable prediction system of MVI in HCC.
However, several studies have demonstrated the corre-
lation between specific MRI features and tumor markers
with the presence of MVI [17, 22, 28], which were also
validated in our study. Our primary emphasis was on
investigating the effects of various types and extent of
hepatectomy on oncologic outcomes, considering the
preoperative risk of MVI. After consulting with a stat-
istician, it was determined that internal validation would
not be performed due to the difficulty in achieving sig-
nificant validation with our data and the potential re-
duction in sample size. However, future studies should
adopt a multicenter approach and validate our findings
using external cohorts to ensure the generalizability and
reliability of our results.

In conclusion, increased serum levels of α-FP and
PIVKA-II, tumor size ≥3 cm, non-smooth tumor mar-
gins, and arterial peritumoral enhancement were sig-
nificantly correlated with the risk of MVI in this study. As
the MVI risk increased from low (0 predictive factors),
intermediate (1–2 factors), to high (3–4 factors), RFS and
OS of each group gradually decreased. In addition, major

hepatectomy provided a significantly lower cumulative
recurrence rate than minor resection in patients with 3 or
more predictive factors for MVI.
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