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Abstract
Background & Aims: Microvascular invasion (MVI) is an important risk factor in hepato-
cellular carcinoma (HCC), but its diagnosis mandates postoperative histopathologic anal-
ysis. We aimed to develop and externally validate a predictive scoring system for MVI.
Methods: From July 2015 to November 2020, consecutive patients underwent sur-
gery for HCC with preoperative gadoxetate disodium (EOB)- enhanced MRI was retro-
spectively enrolled. All MR images were reviewed independently by two radiologists 
who were blinded to the outcomes. In the training centre, a radio- clinical MVI score 
was developed via logistic regression analysis against pathology. In the testing centre, 
areas under the receiver operating curve (AUCs) of the MVI score and other previous 
MVI schemes were compared. Overall survival (OS) and recurrence- free survival (RFS) 
were analysed by the Kaplan– Meier method with the log- rank test.
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1  |  INTRODUC TION

Microvascular invasion (MVI) is associated with a more aggres-
sive biologic behaviour in hepatocellular carcinoma (HCC) and 
is an important risk factor for postoperative recurrence and re-
duced survival.1– 5 MVI has been reported in around 15%– 57% 
of HCCs,3– 7 and detection of MVI in the pre- treatment stage 
is critical for proper therapeutic decision- making, for example, 
for selection of surgery over ablation,4 wider resection margins 
at hepatectomy, closer monitoring of tumour progression3,5 
and potential use of adjuvant therapies. However, diagnosis of 
MVI currently requires histopathologic analysis of the surgical 
specimens, which is subject to sampling errors and can only be 
achieved postoperatively.3– 5

As a result, identifying reproducible and accurate preop-
erative predictors for MVI has become a recent area of active 
research.4,6,8– 20 Prior works explored the utility of certain laborato-
ry8– 10 and imaging findings (e.g. non- smooth tumour margin, arterial 
phase peritumoral enhancement, hepatobiliary phase [HBP] peritu-
moral hypointensity on gadoxetate disodium [EOB]- enhanced MRI, 
etc.)4,6,8,11– 20 for preoperative MVI prediction. Although easy to use, 
most of these studies assessed a limited number of predictors in a 
relatively small single- centre cohort and demonstrated varied pre-
dictive accuracies, and thus not yet ready to be incorporated into 
routine clinical practice.

On the contrary, promising results have been reported with 
the implementation of preoperative CT or MRI- based artificial in-
telligence techniques for MVI detection, with an area under the 
receiver operating curve (AUC) reaching up to 0.812– 0.889.21– 24 
Nevertheless, limited interpretability, reproducibility, and generaliz-
ability may dampen confident clinical adoptions. Furthermore, the 
lack of external validation prevents reliable conclusions from being 

drawn.21– 23 Therefore, the imaging criteria for MVI remain a matter 
of debate.

Thus, this dual- institution study aimed to propose and externally 
validate an easy- to- use scoring system based on clinical and EOB- 
MRI features for preoperative MVI prediction and to evaluate its 
ability to stratify postoperative survival in HCC patients.

2  |  PATIENTS AND METHODS

This retrospective, dual- centre study was approved by the insti-
tutional review boards at West China Hospital, Sichuan University 
(termed the ‘training centre’) and Henan Provincial People’s Hospital 
(termed the ‘testing centre’). The requirements for informed consent 
were waived.

(Grant nos. 82101997, 62 027 901, 
81 227 901, 81 930 053, 82 001 917), 
the Science and Technology Support 
Program of Sichuan Province (grant 
no. 2021YFS0141 and 2021YFS0021), 
Ministry of Science and Technology of 
China (grant no. 2017YFA0205200),. 
The Project of High- Level Talents Team 
Introduction in Zhuhai City (grant 
no. Zhuhai HLHPTP201703). The 
authors would like to acknowledge the 
instrumental and technical support of 
the Multimodal Biomedical Imaging 
Experimental Platform, Institute of 
Automation, Chinese Academy of 
Sciences.

Handling Editor:  Alejandro Forner

Results: A total of 417 patients were included, 195 (47%) with pathologically- confirmed 
MVI. The MVI score included: non- smooth tumour margin (odds ratio [OR] = 4.4), 
marked diffusion restriction (OR = 3.0), internal artery (OR = 3.0), hepatobiliary phase 
peritumoral hypointensity (OR = 2.5), tumour multifocality (OR = 1.6), and serum 
alpha- fetoprotein >400 ng/mL (OR = 2.5). AUCs for the MVI score were 0.879 (train-
ing) and 0.800 (testing), significantly higher than those for other MVI schemes (test-
ing AUCs: 0.648– 0.684). Patients with model- predicted MVI had significantly shorter 
OS (median 61.0 months vs not reached, P < .001) and RFS (median 13.0 months vs. 
42.0 months, P < .001) than those without.
Conclusions: A preoperative MVI score integrating five EOB- MRI features and serum 
alpha- fetoprotein level could accurately predict MVI and postoperative survival in 
HCC. Therefore, this score may aid in individualized treatment decision making.

K E Y W O R D S
diagnosis, gadoxetate disodium- enhanced MRI, hepatocellular carcinoma, microvascular 
invasion, survival

Lay Summary

1. In patients with hepatocellular carcinoma, five gadox-
etate disodium- enhanced MR imaging features (non- 
smooth tumour margin, marked diffusion restriction, 
internal artery, hepatobiliary phase peritumoral hypoin-
tensity, and tumour multifocality), and serum alpha- 
fetoprotein >400 ng/mL were significantly associated 
with microvascular invasion (MVI).

2. An MVI score based on the above predictors demon-
strated significantly superior diagnostic performance 
(testing centre AUC: 0.800) than previously reported 
MVI schemes (testing centre AUC: 0.648– 0.684) and 
achieved accurate postoperative survival stratification.
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2.1  |  Patients

From July 2015 to November 2020, consecutive patients who met 
the following inclusion criteria were enrolled: (a) surgically confirmed 
HCC; (b) pathologically documented MVI status; (c) underwent pre-
operative EOB- MRI. Patients were excluded if (a) they had any pre-
vious treatment for HCC; (b) the EOB- MRI examinations were not 
performed within 1 month prior to surgery; (c) the pathology report 
was inadequate for the determination of MVI status; (d) key labora-
tory results (detailed below) within 2 weeks prior to surgery were 
not available; (e) the MR images were of inadequate quality for image 
analysis. According to the rule of thumb for sample size calculation, 
at least 5– 10 outcome events per variable is suggested for effec-
tive modelling.25 Therefore, patients with macrovascular invasion at 
imaging were retained in the training centre dataset to guarantee 
adequate positive cases for model construction. However, these pa-
tients were excluded from the testing centre dataset to avoid over-
estimation of model performances. Patient inclusion/exclusion is 
illustrated in Figure 1.

Baseline clinical data, including patient demographics, underly-
ing liver diseases, presence or absence of cirrhosis, and Barcelona 
Clinic Liver Cancer (BCLC) stages were recorded. Key laboratory re-
sults, including serum alpha- fetoprotein (AFP), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), 
albumin (ALB) and platelet count (PLT), were recorded.

2.2  |  EOB- MRI Acquisition

All EOB- MR images were acquired on one of two 3.0 T MR systems 
(Magnetom Skyra, Siemens Healthineers; Discovery MR 750, GE 
Healthcare). All EOB- MRI examinations were performed with com-
parable, clinically appropriate liver protocols at the training and 
testing centres, including: T2- weighted imaging; diffusion- weighted 

imaging (DWI) with apparent diffusion coefficient (ADC) maps;  
T1- weighted imaging before and after injection of EOB in the late 
arterial phase (AP), portal venous phase (PVP), transitional phase 
and HBP. The EOB- MRI acquisition protocols are detailed in 
Material S1.

2.3  |  Image Analysis

All deidentified MR images were transmitted to the training centre 
and reviewed centrally by two fellowship- trained abdominal radi-
ologists (with 5 and 7 years of experience in liver MRI, respectively) 
who were blinded to all patient clinical, pathologic and follow- up in-
formation. All disagreements between the reviewers were resolved 
by a third senior radiologist who had over 20 years of experience in 
liver MRI.

On a per- patient basis, the reviewers independently evaluated 
imaging features which had been reported to correlate with MVI, 
tumour burden, and HCC biological behaviours, including: (a) num-
ber of tumours defined according to the BCLC algorithm (solitary 
vs. 2– 3 and over 3 tumours)1; (b) presence or absence of LI- RADS 
version 2018 major and ancillary features (except for those related 
to growth or ultrasound visibility since these were not available)26; 
(c) presence or absence of imaging features profiling peritumoral al-
terations, including PVP peritumoral hypointensity, HBP peritumoral 
hypointensity, and peritumoral biliary ductal dilation4,6,11,14 and (d) 
other imaging features of interest, including HCC growth subtypes 
(single nodular vs. single nodular with extranodular growth vs. 
confluent multinodular),27 presence or absence of bilobar involve-
ment, internal artery,13,28 the two- trait predictor of venous invasion 
(TTPVI),13 complete vs. disrupted “capsule”,8 and non- smooth tu-
mour margin.13,14 Detailed definitions and typical cases of the imag-
ing features are presented in Material S2. In patients with multiple 
lesions, the largest lesion was selected for feature- related analyses.

F I G U R E  1  Study flow chart
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2.4  |  Reference Standard

Histopathologic data from routine reports were retrieved as the ref-
erence standard for determining MVI status. As per the institutional 
standard practice procedure, two liver pathologists who were aware 
of the clinical and imaging data at each centre reviewed all surgical 
specimens in consensus. MVI was defined as the presence of tumour 
thrombi within small peritumoral vessels on microscopy via a stand-
ard seven- site sampling approach.29

2.5  |  Follow- up

Clinical follow- up data were available for the training centre but not for 
the testing centre. Patients were followed up after surgery at 1 month, 
every 3 months for the first 2 years, and every 6 months thereafter with 
serum AFP and contrast- enhanced ultrasound, CT, or MRI. Recurrence 
was defined as the radiological identification of local/regional disease 
or distant metastasis. Patients were followed up until death or the last 
follow- up date (20 January 2021), whichever occurred first, and overall 
survival (OS) and recurrence- free survival (RFS) were calculated.

2.6  |  Statistical Analysis

Differences in baseline clinical, laboratory and radiological data 
were compared using either Student’s t test or the Mann– Whitney 
U test for continuous variables, and either chi- squared test or the 
Fisher’s exact test for categorical variables, as appropriate.

2.6.1  |  Assessment of the inter- rater agreement

Inter- rater agreement between the two reviewers was measured by 
computing the intraclass correlation coefficient (ICC) for continuous 
variables, Cohen’s κ value for binary imaging features, and weighted 
κ value for categorical imaging features, respectively.

2.6.2  |  Development and validation of the 
MVI score

The MVI score was developed from the training centre data based 
on consensus interpretations of the two reviewers and validated 
externally in the testing centre based on per- reader and consensus 
data. Sample size estimation was based on the rule of thumb,25 thus 
the maximum number of variables allowed in the multivariable lo-
gistic regression analysis was determined according to 20% of MVI- 
positive cases in the training centre.

In specific, using the training centre data, univariable logistic re-
gression analysis was conducted to identify significant clinical, lab-
oratory, and radiological predictors, whilst adjusting for patient age 
and gender. To improve the clinical utility, continuous variables were 

converted to categorical or dichotomized variables according to 
ranges of normality or clinical relevance. For predictors which were 
collinear based on pairwise Spearman’s correlation analysis, those 
with the largest odds ratios were chosen for further analyses.

Then, controlling for age and gender, all significant predictors 
from the above steps were fit into a multivariable logistic regres-
sion model using the backward stepwise method with fivefold cross- 
validation, and the Akaike Information Criterion was used to obtain 
the most parsimonious feature combination. A MVI scoring system 
was then derived based on the significant predictors at multivariable 
analysis weighted by their regression coefficients, with the largest 
regression coefficient scaled as 10 points. The optimal threshold of 
the scoring system for predicting MVI was determined by receiver 
operating characteristic analysis with the Youden’s index.

Additionally, patients with different MVI scores were stratified 
into three groups based on the associated likelihood of MVI (<40% as 
low risk, ≥90% as high- risk, and the remainder as medium- risk). A high 
sensitivity model (with the threshold of MVI score set based on the 
low- risk group) and a high specificity model (with the threshold of MVI 
score set based on the high- risk group) was developed accordingly.

Diagnostic performances were computed and compared be-
tween the MVI score and other MVI prediction systems proposed 
by Renzulli et al.,13 Min et al.,6 and Lee et al.14 with the area under the 
receiver operating characteristic curve (AUC), sensitivity, specificity, 
positive predictive value (PPV), negative predictive value (NPV), and 
accuracy. Pairwise sensitivities, specificities, and accuracies were 
compared with the McNemar’s test, whilst AUCs were compared 
using the Delong test. Subgroup analyses in patients with BCLC 0/A 
stage tumours and BCLC B stage tumours were conducted.

2.6.3  |  Survival analysis

Using the training centre data, survival analyses were performed in 
patients without active malignancies or metastases other than HCC 
who had complete follow- up information. Kaplan– Meier curves 
were plotted to analyse survival outcomes, with the log- rank test 
to assess statistical significance. Multivariable survival analysis was 
conducted with Cox proportional hazard model whilst adjusted for 
patient age and gender. P- values for multiple comparisons were cor-
rected by the Bonferroni test.

All analyses were performed with R software (version 3.5.1; R 
Foundation for Statistical Computing). Two- tailed P ≤ .05 was con-
sidered statistically significant.

3  |  RESULTS

3.1  |  Patients

A total of 417 HCC patients (343 men; 53.2 ± 11.3 years) were 
included, with 319 (76%) and 98 (24%) patients enrolled from the 
training and testing centres, respectively. MVI was pathologically 
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confirmed in 151 (47%) patients from the training centre and in 44 
(45%) patients from the testing centre.

Patients from the training centre were slightly younger than 
those from the testing centre (mean age, 52.6 years vs. 55.1 years, 
P = .049). The median size of HCC in the training centre data was 
significantly larger than that in the testing centre data (4.3 cm vs. 
3.2 cm, P < .001). More patients from the training centre had chronic 
hepatitis (92% vs. 81%, P = .002), whilst more patients from the test-
ing centre had established cirrhosis (49% vs. 63%, P = .01). High 
serum AFP level of >400 ng/mL was more frequently detected in 
patients from the training centre (29% vs. 18%, P = .04), whilst TBIL 
elevation was more frequently detected in patients from the testing 
centre (3% vs. 34%, P < .001). There was no difference in MVI inci-
dence (P = .67) or other clinical characteristics between the training 
and testing centres (P = .15 to .82).

Key clinical characteristics are summarized in Table 1. 
Frequencies and inter- rater agreement of imaging features are de-
tailed in Material S3.

3.2  |  Development and validation of the MVI score

3.2.1  |  Development of the MVI score in the 
training centre

Using the training centre data, BCLC stage, three laboratory vari-
ables (serum AFP, AST and PLT), and 19 imaging variables were sig-
nificantly associated with MVI at univariable analysis (Table 2).

At multivariable analysis, serum AFP > 400 ng/mL (OR = 2.5 
[95% CI: 1.3– 5.0], P = .009) and five imaging variables, including 
non- smooth tumour margin (absent vs. present; OR = 4.4 [95% CI: 
2.2– 8.6], P < .001), marked diffusion restriction (absent vs. present; 
OR = 3.0 [95% CI: 1.7– 5.5], P < .001), internal artery (absent vs. 
present; OR = 3.0 [95% CI: 1.5– 5.9], P = .002), HBP peritumoral hy-
pointensity (absent vs. present; OR = 2.5 [95% CI: 1.3– 4.8], P = .007), 
and number of tumours (solitary vs. 2– 3 vs. over 3; OR = 1.6 [95% 
CI: 1.1– 2.5], P = .03) were significantly associated with MVI. Based 
on these predictors, the MVI score was constructed as illustrated 
in Figure 2. EOB- MR images of a representative case with MVI are 
shown in Material S4.

3.2.2  |  Development of the MVI risk system and 
diagnostic models in the training centre

According to Youden’s index, the optimal threshold for predicting 
MVI was 20 points. Based on the pre- defined criteria for stratifying 
MVI risks, patients with the MVI scores ≤12 points were categorized 
as low- risk, those with the MVI scores between 12 and 26 points as 
medium- risk, and those with the MVI scores >26 points as high- risk 
(Material S5).

Three diagnostic models were generated using these thresholds: 
an optimal model (threshold >20 points); a high sensitivity model 

(threshold >12 points); and a high specificity model (threshold >26 
points).

3.2.3  |  Training centre performances for MVI

For the training centre data, inter- rater agreement was substantial 
(ICC: 0.799, [95%CI: 0.750– 0.839]) for the MVI score, and moder-
ate for the optimal model (Cohen’s κ: 0.512 [95%CI: 0.418– 0.607]), 
the high sensitivity model (Cohen’s κ: 0.418 [95%CI: 0.315– 
0.523]), and the high specificity model (Cohen’s κ: 0.567 [95%CI: 
0.469– 0.665]).

Based on consensus interpretations of the two reviewers, the 
MVI risk in the low, medium, and high- risk groups was 12% (15/122), 
47% (51/108), and 96% (85/89), respectively. The MVI score demon-
strated an AUC of 0.879 (95%CI: 0.838– 0.913). The optimal model 
yielded a sensitivity of 72%, specificity of 86%, and accuracy of 80% 
for predicting MVI, respectively. These values were 90%, 64% and 
76% for the high sensitivity model, and 56%, 98% and 78% for the 
high specificity model, respectively.

3.2.4  |  Testing centre performances for MVI

For the testing centre data, inter- rater agreement was substan-
tial (ICC: 0.750 [95%CI: 0.627 to 0.832]) for the MVI score, and 
moderate for the optimal model (Cohen’s κ: 0.481 [95%CI: 0.290– 
0.671]), the high sensitivity model (Cohen’s κ: 0.455 [95%CI: 
0.282– 0.628]) and the high specificity model (Cohen’s κ: 0.560 
[95%CI: 0.313– 0.801]).

Based on consensus interpretations of the two reviewers, the 
MVI risk in the low, medium, and high- risk groups was 16% (5/32), 
50% (27/54) and 100% (12/12), respectively. The AUC of the MVI 
score in the entire testing centre cohort, patients with BCLC 0/A 
tumours, and BCLC- B patients was 0.800 (95% CI: 0.707– 0.874), 
0.726 (95% CI: 0.609– 0.824) and 0.875 (95% CI: 0.682– 0.972), re-
spectively. In the entire testing centre cohort, the optimal model 
yielded a sensitivity of 52%, specificity of 89% and accuracy of 72% 
for predicting MVI, respectively; these values were 89%, 50% and 
67% for the high sensitivity model, and 27%, 100% and 67% for the 
high specificity model, respectively.

Testing centre diagnostic performances of the MVI score and 
previously reported MVI models based on consensus data are sum-
marized in Table 3, and those based on per- reader data are pre-
sented in Material S6.

3.2.5  |  Testing centre comparisons with existing 
MVI predictive schemes

Based on the entire testing centre cohort data, the MVI score 
demonstrated significantly higher AUC (0.800, 95% CI: 0.707– 
0.874) than the models proposed by Renzulli et al. (0.648, 95% 
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TA B L E  1  Baseline clinical characteristics of patients

Characteristics

Training centre Testing centre

All MVI- positive MVI- negative P valuea All MVI- positive MVI- negative P valuea

No. patients 319 151 (47) 168 (53) — 98 44 (45) 54 (55) — 

Age (years) 52.6 ± 11.6 51.7 ± 11.9 53.4 ± 11.3 .20 55.1 ± 10.0 54.9 ± 10.8 55.3 ± 9.3 .73

Gender

Men 260 (82) 120 140 .38 83 (85) 36 47 .48

Women 59 (18) 31 28 15 (15) 8 7

Underlying liver diseases

Chronic hepatitis B 293 (92) 139 154 .66 79 (81) 33 46 .42

Chronic hepatitis C 7 (2) 3 4 4 (4) 2 2

Chronic hepatitis B 
and C

4 (1) 3 1 0 (0) 0 0

Others 15 (5) 6 9 15 (15) 9 6

Cirrhosis 156 (49) 66 90 .08 62 (63) 20 42 .001

Tumour sizeb (cm) 4.3 (2.4– 7.1) 6.5 (3.4– 9.0) 3.2 (2.0– 4.8) <.001 3.2 (2.1– 4.6) 4.5 (3.5– 6.0) 2.3 (1.8– 3.2) <.001

Tumour number

Solitary 194 (61) 64 130 <.001 62 (63) 21 41 .001

2– 3 tumours 70 (22) 39 31 21 (21) 11 10

>3 tumours 55 (17) 48 7 15 (15) 12 3

Barcelona Clinic Liver Cancer stage

0 50 (16) 10 40 <.001 17 (17) 2 15 <.001

A 138 (43) 46 92 56 (57) 22 34

B 61 (19) 35 26 25 (26) 20 5

C 70 (22) 60 10 0 (0) 0 0

Laboratory variables

AFP (ng/mL)

≤400 227 (71) 83 144 <.001 80 (82) 33 47 .13

>400 92 (29) 68 24 18 (18) 11 7

TBIL (μmol/L)

≤40 311 (98) 144 167 .02 65 (66) 31 34 .44

>40 8 (3) 7 1 33 (34) 13 20

ALT (U/L)

≤40 186 (58) 85 101 .49 59 (60) 25 34 .54

>40 133 (42) 66 67 39 (40) 19 20

AST (U/L)

≤35 162 (51) 63 99 .002 58 (59) 21 37 .04

>35 157 (49) 88 69 40 (41) 23 17

ALB (g/L)

≥40 238 (75) 111 127 .68 76 (78) 38 38 .06

<40 81 (25) 40 41 22 (22) 6 16

Platelet, 109/L

≥125 180 (56) 97 83 .008 54 (55) 24 30 .92

<125 139 (44) 54 85 44 (45) 20 24

Note: Unless stated otherwise, data in parentheses are percentages or interquartile ranges, as appropriate. Two- tailed P ≤ .05 was considered 
statistically significant and shown in bold.
Abbreviations: AFP, alpha- fetoprotein; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; MVI, microvascular invasion; 
TBIL, total bilirubin.
aDifferences were compared between MVI- positive and MVI- negative patients using either Student’s t test or the Mann– Whitney U test for 
continuous variables, and χ2 test or the Fisher’s exact test for categorical variables, as appropriate.
bIn patients with multiple tumours, the sizes of the largest tumours were presented.
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TA B L E  2  Potential predictors for microvascular invasion in the training centre

Predictors

Univariable analysis Multivariable analysis

Odds ratio  
(95% CI) P value

Odds ratio 
(95%CI)

Regression 
coefficient P value

MVI score points 
(negative/positive)

Clinical predictors

BCLC stage (0, A, B and C) 2.9 (2.2– 3.9) <.001 — — — — 

Laboratory predictors

AFP (≤400 vs >400 ng/mL) 4.9 (2.9– 5.4) <.001 2.5 (1.3– 5.0) 0.92 0.009 0/6

AST (≤35 vs >35 U/L) 2.0 (1.3– 3.1) .003 — — — — 

PLT (≥125 vs <125 109/L) 0.55 (0.35– 0.87) .01 — — — — 

Imaging predictors

No. tumours (Solitary, 2– 3, over 3) 3.3 (2.3– 4.7) <0.001 1.6 (1.1– 2.5) 0.49 0.03 0/3/7a

Size (cm) 3.3 (2.3– 4.7) <0.001 — — — — 

Corona enhancement (absent vs 
present)

6.0 (3.6– 9.8) <0.001 — — — — 

Fat in mass, more than adjacent liver 
(absent vs present)

0.4 (0.3– 0.7) <0.001 — — — — 

Nodule- in- nodule (absent vs present) 1.7 (1.1– 2.7) .03 — — — — 

Mosaic architecture (absent vs present) 5.9 (3.6– 9.5) <0.001 — — — — 

Blood products in mass (absent vs 
present)

3.9 (2.5– 6.3) <0.001 — — — — 

Tumour in vein (absent vs present) 9.9 (4.8– 20.2) <0.001 — — — — 

Marked diffusion restriction (absent vs 
present)

4.4 (2.7– 7.0) <0.001 3.0 (1.7– 5.5) 1.11 <.001 0/7

Infiltrative appearance (absent vs 
present)

8.5 (4.2– 17.6) <0.001 — — — — 

Necrosis or severe ischemia (absent vs 
present)

3.0 (1.8– 4.9) <0.001 — — — — 

Portal venous phase peritumoral 
hypointensity (absent vs present)b

6.0 (3.6– 10.0) <0.001 — — — — 

Hepatobiliary phase peritumoral 
hypointensity (absent vs present)b

6.9 (4.2– 11.5) <0.001 2.5 (1.3– 4.8) 0.90 0.007 0/6

Bilobar involvement (absent vs present) 3.2 (1.6– 6.6) <0.001 — — — — 

Internal artery (absent vs present)c 8.2 (4.8– 14.0) <0.001 3.0 (1.5– 5.9) 1.09 0.002 0/7

Two- trait predictor of venous invasionc,d 7.0 (3.9– 12.4) <0.001 — — — — 

Complete “capsule” (absent vs present) 0.08 (0.04– 0.2) <0.001 — — — — 

Non- smooth tumour margin (absent vs 
present)

10.6 (5.9– 18.9) <0.001 4.4 (2.2– 8.6) 1.48 <.001 0/10

HCC growth subtype (single nodular 
vs single nodular with extranodular 
growth vs confluent multinodular)

3.4 (2.3– 4.8) <0.001 — — — — 

Note: Unless stated otherwise, data in parentheses are 95% confidence intervals.
Abbreviations: AFP, alpha- fetoprotein; AST, aspartate aminotransferase; BCLC, Barcelona Clinic Liver Cancer; MVI, microvascular invasion; PLT, 
platelet count.
aSolitary tumour corresponded to 0 point, 2– 3 tumours corresponded to 3 points, whilst >3 tumours corresponded to 7 points.
bDue to significant collinearity (Spearman’s rho = 0.611, 95% confidence interval: 0.537– 0.675, P < .001), “hepatobiliary phase peritumoral 
hypointensity” was chosen to fit into the multivariable logistic regression model because of the larger odds ratio.
cDue to significant collinearity (Spearman’s rho = 0.841, 95% confidence interval: 0.805– 0.870, P < .001), the ‘internal artery’ was chosen to fit into 
the multivariable logistic regression model because of the larger odds ratio.
dTwo- trait predictor of venous invasion is based on the combination of two imaging features: ‘internal artery’ and ‘hypointense halo evaluated in the 
portal venous or equilibrium phases’.13
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F I G U R E  2  Graphical illustration of the MVI score
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TA B L E  3  Testing centre predictive performances for microvascular invasion based on consensus interpretations

AUC Sensitivity Specificity PPV NPV Accuracy

MVI score

Whole cohort

Optimal model (>20 
points)

0.800 (0.707– 0.874) 23/44 (52) 48/54 (89) 23/29 (79) 48/69 (70) 71/98 (72)

High sensitivity model 
(>12 points)

39/44 (89) 27/54 (50) 39/66 (59) 27/32 (84) 66/98 (67)

High specificity model 
(>26 points)

12/44 (27) 54/54 (100) 12/12 (100) 54/86 (63) 66/98 (67)

BCLC- 0/A patients

Optimal model (>20 
points)

0.726 (0.609– 0.824) 8/24 (33) 43/49 (88) 8/14 (57) 43/59 (73) 51/73 (70)

High sensitivity model 
(>12 points)

20/24 (83) 27/49 (55) 20/42 (48) 27/31 (87) 47/73 (64)

High specificity model 
(>26 points)

1/24 (4) 49/49 (100) 1/1 (100) 49/72 (68) 50/73 (68)

BCLC- B patients

Optimal model (>20 
points)

0.875 (0.682– 0.972) 15/20 (75) 5/5 (100) 15/15 (100) 5/10 (50) 20/25 (80)

High sensitivity model 
(>12 points)

19/20 (95) 0/5 (0) 19/24 (79) 0/1 (0) 19/25 (76)

High specificity model 
(>26 points)

11/20 (55) 5/5 (100) 11/11 (100) 5/14 (36) 16/25 (64)

MVI predictive models proposed by Renzulli et al.13a

Whole cohort

At least two features 
present (optimal 
model)

0.648 (0.545– 0.742) 23/44 (52) 42/54 (78) 23/35 (66) 42/63 (67) 65/98 (66)

At least one feature 
present (high 
sensitivity model)

42/44 (95) 0/54 (0) 42/96 (44) 0/2 (0) 42/98 (43)

All three features present 
(high specificity model)

8/44 (18) 53/54 (98) 8/9 (89) 53/89 (60) 61/98 (62)

BCLC- 0/A patients

At least two features 
present (optimal 
model)

0.599 (0.478– 0.712) 10/24 (42) 40/49 (82) 10/19 (53) 40/54 (74) 50/73 (68)

At least one feature 
present (high 
sensitivity model)

23/24 (96) 0/49 (0) 23/72 (32) 0/1 (0) 23/73 (32)

All three features 
present (high 
specificity model)

1/24 (4) 48/49 (98) 1/2 (50) 48/71 (68) 49/73 (67)

BCLC- B patients

At least two features 
present (optimal 
model)

0.620 (0.406– 0.805) 13/20 (65) 2/5 (40) 13/16 (81) 2/9 (22) 15/25 (60)

At least one feature 
present (high 
sensitivity model)

19/20 (95) 0/5 (0) 19/24 (79) 0/1 (0) 19/25 (76)

All three features 
present (high 
specificity model)

7/20 (35) 5/5 (100) 7/7 (100) 5/18 (28) 12/25 (48)
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CI: 0.545– 0.742, P = .003), Min et al. (0.684, 95%CI: 0.582– 0.774, 
P = .03), and Lee et al. (0.658, 95% CI: 0.556– 0.751, P = .006) 
(Figure 3).

All binary diagnostic estimates of our MVI models were trend- wise 
superior to previous MVI schemes, but statistically significant differ-
ence was detected between our MVI score- based optimal model (>20 
points) and Lee’s optimal model in accuracy (72% vs. 68%, P < .001, 
entire testing centre cohort); and between our MVI score- based high 
sensitivity model (>12 points) and Renzulli’s high sensitivity model in 
accuracy (67% vs. 43%, P < .001, entire testing centre cohort; 64% 
vs. 32%, P < .001, BCLC 0/A patients) and specificity (50% vs. 0%, 
P < .001, entire testing centre cohort; 55% vs. 0%, P < .001, BCLC 
0/A patients).

3.3  |  Survival Analysis

Survival outcomes are summarized in Table 4 and plotted as the 
Kaplan– Meier curves in Figure 4.

Median follow- up was 29.0 months (95% CI: 15.0– 36.0). A total 
of 238 (75%) and 281 (88%) patients had complete RFS and OS in-
formation, respectively, and were included in the survival analyses. 
Amongst them, 95 (40%) patients experienced tumour recurrence, 
and 41 (15%) patients died. Median OS was not reached, whilst 
mean OS was 53.2 months (95% CI: 50.3– 56.2). Median RFS was 
32.0 months (95% CI: 25.0– 50.0).

Patients with pathologically confirmed MVI had signifi-
cantly shorter OS (61.0 months vs. not reached, P < .001) and 

AUC Sensitivity Specificity PPV NPV Accuracy

MVI predictive model proposed by Min et al.6b

Whole cohort

Five- point scale (score 
≥4)

0.684 (0.582– 0.774) 10/44 (23) 51/54 (94) 10/13 (77) 51/85 (60) 61/98 (62)

BCLC- 0/A patients

Five- point scale (score ≥4) 0.610 (0.488– 0.722) 2/24 (8) 47/49 (96) 2/4 (50) 47/69 (68) 49/73 (67)

BCLC- B patients

Five- point scale (score ≥4) 0.685 (0.470– 0.854) 8/20 (40) 4/5 (80) 8/9 (89) 4/16 (25) 12/25 (48)

MVI predictive models proposed by Lee et al.14c

Whole cohort

Combination of any two 
reported findings

0.658 (0.556– 0.751) 24/44 (55) 43/54 (80) 24/35 (69) 43/63 (68) 67/98 (68)

Combination of all 
three reported 
findings

9/44 (20) 51/54 (94) 9/12 (75) 51/86 (59) 60/98 (61)

BCLC- 0/A patients

Combination of any two 
reported findings

0.599 (0.477– 0.712) 10./24 (42) 40/49 (82) 10/19 (53) 40/54 (74) 50/73 (68)

Combination of all 
three reported 
findings

2/24 (8) 47/49 (96) 2/4 (50) 47/69 (68) 49/73 (67)

BCLC- B patients

Combination of any two 
reported findings

0.635 (0.420– 0.816) 14/20 (70) 3/5 (60) 14/16 (88) 3/9 (33) 17/25 (68)

Combination of all 
three reported 
findings

7/20 (35) 4/5 (80) 7/8 (88) 4/17 (24) 11/25 (44)

Note: Unless stated otherwise, data in parentheses are 95% confidence intervals or percentages. AUC was measured according to the MVI scoring 
systems, whilst the remaining diagnostic estimates were computed based on binary scales.
Abbreviations: AUC, area under the receiver operating curve; PPV, positive predictive value; NPV, negative predictive value; MVI, microvascular 
invasion; NA, not applicable.
aThe imaging findings reported by Renzulli et al. included peritumoral enhancement (equal to “corona enhancement” in the current study), non- 
smooth tumour margin, and the two- trait predictor of venous invasion.
bThe imaging features reported by Min et al. included non- smooth tumour margin, irregular rim- like enhancement on arterial phase, peritumoral 
arterial phase hyperenhancement, and peritumoral hepatobiliary phase hypointensity.
cThe imaging findings reported by Lee et al. included arterial peritumoral enhancement, non- smooth tumour margin, and hepatobiliary phase 
peritumoral hypointensity.

TA B L E  3  (Continued)
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RFS (12.0 months vs. 50.0 months, P < .001) than those without 
MVI. Similarly, based on our optimal model, patients with model 
predicted MVI had significantly shorter OS (61.0 months vs. not 
reached, P < .001) and RFS (13.0 months vs. 42.0 months, P < .001) 
than those without. Based on the MVI risk system, patients at high 
risk for MVI had a significantly shorter OS and RFS compared with 
those at low or medium risks (all P < .001), but no difference in 
OS (P = .13) or RFS (P = .59) was detected between the low and 
medium- risk groups.

Pathological confirmation of MVI (C- index for OS, 0.715; C- index 
for RFS, 0.684), the optimal model- predicted MVI (C- index for OS, 
0.700; C- index for RFS, 0.652) and the MVI risk system (C- index for 
OS, 0.762; C- index for RFS, 0.708) demonstrated comparable per-
formances in predicting OS (P = .31 to .99) and RFS (P = .09 to 1.00).

4  |  DISCUSSION

MVI has been widely accepted as an independent risk factor for 
poorer prognosis in HCC,1– 5 but its visualization is beyond current 
imaging resolutions.4,6,8– 20 In this dual- centre study, we developed 
and externally validated an MVI score based on serum AFP and five 
EOB- MR imaging features. This scoring system demonstrated supe-
rior predictive performances compared with previous MVI schemes 
in an independent testing dataset and achieved accurate postopera-
tive survival stratification.

MVI is a promising decision- making biomarker to be incorpo-
rated into current HCC staging systems,1– 5 on the premise of accu-
rate and reliable preoperative MVI prediction. Based on the external 
testing centre data, our MVI score demonstrated superior AUCs and 
binary diagnostic performances than existing models6,13,14 through-
out all BCLC stages, though the testing centre sample size (n = 98) 
may have been inadequate to obtain the substantial statistical dif-
ference. These improvements were largely achieved due to the use 
of as many as 38 candidate MR imaging features, including those 
related to the liver parenchyma (cirrhosis), tumour burden (tumour 

multiplicity, size, bilobar involvement, etc.), tumour characteristics 
(LI- RADS features, internal artery, HCC growth subtype, etc.) and 
the tumour periphery (corona enhancement, PVP and HBP peritu-
moral hypointensity, etc.), in contrast to previous studies which in-
cluded a limited number (typically <10) of imaging features.4,6,8– 20,30 
Expectedly, as observed for all evaluated MVI schemes, the model 
performances dropped in patients with BCLC 0/A tumours com-
pared with those with BCLC B tumours, highlighting the challenges 
to detect MVI in earlier stage tumours. Of note, despite substantial 
inter- rater agreement on the MVI score, the agreement on all binary 
models was moderate. These findings were in consistent with Min 
et al.'s results,6 and underscored the need to further minimize in-
terobserver variability before this scoring system could be used as a 
reliable decision- making tool.

Diffusion restriction is a distinct characteristic of HCC and an 
expected MVI predictor because MVI is more frequently observed 
in higher grade HCCs and can lead to a more complex tumour mi-
croenvironment,16,17,30,31 both could result in diffusion restriction. 
However, conflicting results have been reported thus far regarding 
the utilities of restricted diffusion (or lower ADC values) in MVI pre-
diction.30,31 In line with a recent meta- analysis,30 diffusion restric-
tion, in general, was not associated with MVI in our study, as 100% 
of HCCs demonstrated some degree of restricted diffusion, regard-
less of MVI status. Nevertheless, marked diffusion restriction, which 
could be easily assessed by comparing the extent of tumour diffu-
sion restriction to that of the spleen, was significantly associated 
with MVI. Therefore, this readily- assessed feature could provide im-
portant information regarding the extent of restriction diffusion in 
routine practice, without the requirement for complex quantitative 
analyses.

Tumour multifocality was another significant predictor for MVI 
in our study, despite its controversial role elsewhere. Chandarana 
et al.32 and Lei et al.8 found tumour multifocality as significantly as-
sociated with MVI, whilst others reported no significant correlations 
between this feature and MVI.4,6,13,14 However, tumour multifocal-
ity was pooled to be significantly predictive of MVI in Hong et al.'s 

F I G U R E  3  Receiver operating curves of the MVI predictive systems for the testing centre data based on the whole cohort (A), patients 
with Barcelona Clinic Liver Cancer stage 0/A tumours (B), and those with Barcelona Clinic Liver Cancer stage B tumours (C). *P < .05, 
**P < .01
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meta- analysis.30 Multiple tumours in MVI- positive patients might 
be a result of increased intrahepatic tumour spreading through 
microvascular structures.33 On the contrary, both MVI and multi-
focality are associated with a more aggressive tumour biological 
behaviour.30,32

In accordance with prior works, non- smooth tumour mar-
gin,13,14,23 HBP peritumoral hypointensity4,14 and internal arter-
ies13,28 were also significantly associated with MVI in this study. 
The underlying biological correlations between these features and 
MVI have been extensively explored.11,13,14,28,34,35 Specifically, non- 
smooth tumour margin has been associated with more aggressive 
tumour growth patterns and increased MVI.34 HBP peritumoral 
hypointensity could be explained by the impaired functions of the 
peritumoral hepatocyte organic anion- transporting polypeptide 
transporters following the perfusion alterations induced by MVI.11,14 
Additionally, the presence of internal arteries may indicate markedly 
increased angiogenesis and has been found to correlate with a dis-
tinct HCC molecular subtype with increased cell proliferation, matrix 
invasion and MVI.13,28,35

For postoperative survival stratification, histologic MVI was 
found significantly correlated with poorer postoperative progno-
sis in the current study, which was in line with previous reports.1– 5 
Similarly, derived from the MVI score, both the binary optimal model 
and the categorical risk system could effectively stratify postopera-
tive RFS and OS, with comparable performances as histologic MVI, 
highlighting the potential of our proposed MVI score in predicting 
postoperative patient prognosis.

Major strengths of the current study constituted the dual- 
institution design, the inclusion of 417 HCC patients, and evalua-
tions of the largest number of EOB- MRI features for MVI to date. 
Furthermore, we conducted head- to- head comparisons with several 
previously reported MVI models in an independent dataset, pro-
viding a direct assessment of the relative performances of these 
schemes. Our findings were clinically relevant. By identifying pa-
tients with MVI in the pretreatment stage, the proposed scoring 
system may open new scenarios for choosing amongst different 
therapeutic regimens (e.g. orient toward more aggressive surgical 
approaches or larger ablated areas and prioritize adjuvant intraar-
terial or systematic therapies), tailor follow- up strategies with more 
sensitive techniques and shorter time intervals (e.g. EOB- MRI over 
CT),36 and help stratifying prognosis.

This study had several limitations. First, the retrospective nature 
could have introduced substantial selection biases. Second, patients 
with macrovascular invasion at imaging were included in the training 
centre to guarantee enough positive cases for effective modelling.25 
However, the clinical relevance of identifying MVI in this population 
is limited as in theory most (if not all) of these patients would have 
MVI. Therefore, we excluded these patients from the testing centre 
dataset to avoid overestimation of model performances and achieve 
more rigorous model validation. Nevertheless, this design may have 
exacerbated the discrepancies in patient characteristics between 
the training and testing centres. Third, the prevalence of MVI was 
higher than several previous studies,2– 6,8– 10,12– 14,20,23 which might TA
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F I G U R E  4  The Kaplan– Meier curves of pathologically- confirmed MVI (A, B), optimal model- predicted MVI (C, D), and the MVI risk 
system (E, F) based on the training centre data
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have impacted the diagnostic performances of our proposed MVI 
score. Fourth, all imaging evaluations were conducted centrally by 
only two reviewers, which dampened the generalizability of our re-
sults. Forth, clinical outcome data were not available for the testing 
centre. Finally, all MR images were acquired with EOB based on rou-
tine clinical sequences without consideration of advanced quantita-
tive MR imaging techniques.16,17,37 However, as HBP images can only 
be acquired with EOB- MRI, the feature HBP peritumoral hypointen-
sity is not measurable with extracellular contrast agents- enhanced 
MRI. Therefore, further fine- tuning on extracellular contrast agents- 
enhanced MRI is warranted to extrapolate our findings.

In conclusion, in this dual- institution study, we developed and 
validated an easy- to- use MVI score based on serum AFP and five 
EOB- MR imaging features in HCC patients. This scoring system 
allowed accurate preoperative MVI prediction and postoperative 
survival stratifications thus may help tailor personalized treatment 
decision- making.
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