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Background: Microvascular invasion (MVI) is a key determinant of recurrence and survival in 
hepatocellular carcinoma (HCC), yet it remains difficult to assess preoperatively. Robust, noninvasive tools 
integrating multimodal imaging and serological features are needed to inform surgical planning. This study 
aimed to establish and validate a reliable diagnostic model based on a combination of multimodal imaging 
and serological signatures for predicting MVI in HCC.
Methods: This retrospective study included 179 patients with HCC treated at the Nanjing Drum Tower 
Hospital, Affiliated Hospital of Medical School, Nanjing University, from 2015 to 2022. Univariable 
logistic regression was used for initial screening; variables with P<0.10 entered the multivariable logistic 
regression with backward stepwise selection. A nomogram was then constructed and internally (bootstrap) 
and externally validated to investigate the associations of MVI features based on multimodal imaging and 
serological signatures. A nomogram was developed and was externally validated in an independent cohort 
from Zhongshan Hospital, Fudan University (Institution 2) (n=80).
Results: Logistic regression analysis was performed to identify seven parameters related to MVI, 
including tumor number, diameter, Adler blood flow grading, visualized macrovascular around the tumor, 
arterial peritumoral enhancement, nonenhancing area, and non-nodular type tumor. Based on these seven 
parameters, a final combined model was developed. The accuracy, sensitivity, specificity, positive predictive 
value, and negative predictive value in predicting MVI were 88.0% and 84.0%, 72% and 84.0%, 94.0% and 
84.0%, 81.0% and 82.0%, 91% and 86.0% in the modeling and validation cohorts, respectively.
Conclusions: A reliable combined model based on multimodal imaging and serological signatures 
effectively predicts preoperative MVI in patients with HCC and may assist clinicians in determining the 
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Introduction

Hepatocellular carcinoma (HCC), the most common 
malignant liver tumor in the world, is widely known for its 
rising morbidity and mortality (1). The mainstay treatment 
for HCC is surgical resection (2); however, the 5-year 
survival rate remains poor due to the spread, metastases, 
and high recurrence rate of HCC (3).

The presence of microvascular invasion (MVI), a 
significant pathogenic component, is a high-risk indicator 
of HCC relapse and early mortality and is associated with 
decreased long-term patient survival (4-6). The majority of 
MVIs occur within 1 cm of the tumor site. Wider surgical 
margins contribute to the radical treatment of HCC and 
increase the total survival rate of these patients (7,8). MVI-
positive patients with surgical margins <1 cm have an almost 
two-times greater risk of early recurrence and death as 
compared to those with margins >1 cm (9). Consequently, if 
MVI is positive, patients require wider surgical or ablation 
margins, and a liver transplant should also be considered 
an alternative treatment. However, MVI can only be 
definitively detected by postoperative pathology, but an 
adequate, uniform standard for the preoperative prediction 
of MVI in patients with HCC appears to be lacking (10).

Numerous studies have evaluated certain serological 
signatures as predictive factors. The results of these 
studies suggest that the aggressive biological behaviors of 
HCC may contribute to the presence of MVI (5,11,12). 
Several novel potential biomarkers, such as inflammatory 
biomarkers, have also been associated with predicting 
MVI. Preoperative platelet-to-lymphocyte ratio (PLR) 
and neutrophil-to-lymphocyte ratio (NLR) are significant 
independent risk factors for MVI (11). However, it should 
be noted that a few serological signatures have varying 
degrees of abnormality in diseases such as chronic hepatitis 
and cirrhosis. For prediction to be accurate, this factor must 
be considered.

Research has also indicated that preoperative imaging 
can be used to predict MVI in patients with HCC. Imaging 

tools, including computed tomography (CT), magnetic 
resonance imaging (MRI), and ultrasound, are critical to 
determining the tumor size, number, and morphology. 
They can also provide information on tumor margin, 
capsule, arterial peritumoral enhancement, and intratumor 
artery condition. Accordingly, imaging constitutes a key 
component of noninvasive MVI risk stratification and 
model development in the preoperative setting (13-17).

Several international guidelines recommend conventional 
ultrasound (CUS) as the first-line screening tool for high-
risk HCC populations, due to its real-time, noninvasive, 
low-cost, and radiation-free nature (18). With contrast-
enhanced ultrasound (CEUS), tumor microvascular 
perfusion can also be dynamically evaluated. Previous 
studies have shown that CEUS-based quantitative perfusion 
analysis can help differentiate malignant tumors and 
predict MVI in HCC (17,19). Compared with MRI, CEUS 
has demonstrated high sensitivity and strong agreement 
with histopathology, supporting its diagnostic value in 
HCC (20). However, CEUS uses purely intravascular 
microbubble agents,  whose pharmacokinetics and 
quantitative reproducibility differ substantially from CT 
and MRI, limiting direct cross-modality comparability (21).  
In addition, CUS remains highly operator-dependent 
and sensitive to equipment variability. Given these 
considerations, our study focused on robust qualitative 
CEUS features (such as non-enhancing areas or peritumoral 
enhancement), which are less affected by inter-operator 
and inter-platform variability, while MRI features (e.g., 
nonsmooth tumor margins, arterial rim or peritumoral 
enhancement) have also been widely reported as predictors 
of MVI (15,22). 

Previous studies on MVI have largely focused on only 
a single imaging characteristic, and, to our knowledge, an 
analysis of the combination of multiple imaging features for 
predicting MVI is lacking.

Accordingly, we conducted a study to examine the 
association of CUS, CEUS, and MRI features with the 
incidence of MVI in patients with HCC. We further 

optimal intervention and achieving greater precision and individualization of treatment.
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developed and validated a preoperative prediction 
nomogram, incorporating the multimodal imaging features 
and serological signatures for the preoperative prediction of 
MVI. We hope that the preoperative, noninvasive evaluation 
offered by our model can assist clinicians in optimizing 
treatment. We present this article in accordance with the 
TRIPOD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-2025-231/rc).

Methods

Patients

As part of this study, the clinical data of 521 patients with 
suspected HCC treated at the Nanjing Drum Tower 
Hospital, Affiliated Hospital of Medical School, Nanjing 
University (institution 1), and Zhongshan Hospital, Fudan 
University (institution 2), treated from October 2015 to 
December 2022, were retrospectively analyzed.

This following inclusion criteria were applied: (I) tumor 
resection or liver transplantation, (II) a histopathological 
diagnosis of HCC with confirmation of MVI-positive or 
MVI-negative status, (III) no previous treatment for HCC 
(e.g., hepatectomy, liver transplantation, chemotherapy, 
radiotherapy, and immunosuppressive therapy), (IV) no 
extrahepatic metastasis, (V) Child-Pugh liver function 
class A or B, and (VI) availability of multimodal image data 
(including CUS and CEUS examinations performed within 
the 2 weeks before surgery and MRI within 1 month before 
surgery). Meanwhile, the exclusion criteria included (I) 
nonprimary liver cancer or combination with other types 
of tumors, (II) administration of antitumor therapy before 
surgery, and (III) incomplete imaging data or missing 
clinicopathological data.

Modeling cohort

Ultimately, 259 patients with HCC (38 women and  
221 men; age range 23–82 years) were included in this study. 
The final modeling cohort based on institution 1 contained 
179 patients, and their data are summarized in Table S1. 
Ethical approval was obtained from the Institutional Review 
Board of Nanjing Drum Tower Hospital, Affiliated Hospital 
of Medical School, Nanjing University (Approval No. 
2022-140-01), which waived the requirement for informed 
consent owing to the retrospective nature of the analysis. 
Zhongshan Hospital, Fudan University, was informed of 
and agreed to the study in accordance with institutional 

policy. This study was conducted in accordance with the 
Declaration of Helsinki and its subsequent amendments. 

Validation cohort

We validated the performance of this model with an 
independent external cohort of 80 patients with HCC from 
institution 2, whose data were retrospectively analyzed. The 
inclusion and exclusion criteria were the same as those for 
the modeling cohort. The flowchart of cohort construction 
is included in Figure 1.

A formal sample size calculation was not performed. 
Rather, the study size was determined by the number of 
eligible patients with complete preoperative imaging and 
postoperative pathological MVI status during the study 
period.

Multimodal imaging acquisition

CUS 
Within 2 weeks before surgery, a standard liver ultrasound 
examination was performed with a LogicE9 ultrasound 
machine (GE HealthCare, Chicago, IL, USA) equipped 
with a convex array probe frequency of 2–5 MHz. Lesions 
were initially investigated for their location, size, and 
morphology. For patients with multinodular HCC, the 
lesion with the largest diameter was considered the target 
lesion for further analysis. For each lesion, gain, depth, and 
focus were optimized to attain the best section. The largest 
lesion segment without a blind spot was examined.

CEUS 
After the location of the lesion was ascertained via CUS, the 
most apparent section was selected, and the position was 
fixed. The contrast-enhancing agent (2.4 mL; SonoVue, 
Bracco, Milan, Italy) was injected into the antecubital vein 
immediately before scanning and was followed by flushing 
with 5 mL of 0.9% normal saline solution. Continuous 
monitoring of target lesion was commenced immediately 
at the same time of the injection. For each patient, at least 
4 minutes of digital video were continually recorded and 
saved to a hard disk, and all the captured images were 
converted to Digital Imaging and Communications in 
Medicine (DICOM) format for analysis. After intravenous 
injection of the contrast, images of the arterial phase, portal 
venous phase, and delayed phase were acquired at 0–30 s, 
31–120 s, and 12–240 s, respectively.

https://qims.amegroups.com/article/view/10.21037/qims-2025-231/rc
https://qims.amegroups.com/article/view/10.21037/qims-2025-231/rc
https://cdn.amegroups.cn/static/public/QIMS-2025-231-Supplementary.pdf
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MRI 
Patients underwent scanning with a 1.5-T or 3.0-T MRI 
Achieva device (Philips Healthcare, Amsterdam, the 
Netherlands) with an eight-channel phased array coil within 
1 month before surgery. For the MRI sequences, a power 
injector (Bayer, Leverkusen, Germany) was used to inject 
gadopentetate dimeglumine (Magnevist; Bayer) at 2 mL/s  
and a speed of 0.1 mmol/kg body weight. Radiologists 
reviewed images obtained in the early arterial phase, late 
arterial phase, portal vein phase, and delayed phase.

Both institution 1 and 2 followed standardized imaging 
acquisition protocols, using identical ultrasound and 
MRI scanner models, as well as consistent contrast agent 
administration parameters, to ensure the comparability of 
imaging features and data quality across the two cohorts.

Imaging analysis
Radiologists with 6 and 10 years of experience in liver 
imaging independently evaluated the MRI results, and two 
radiologists with more than 10 years of experience reviewed 

all available CUS and CEUS studies. All radiologists were 
blinded to the clinical and pathological data of the patients.

All imaging features were visually assessed by two 
radiologists independently, and any disagreements were 
resolved by discussion. Cohen’s kappa statistics were used 
to assess interobserver agreement on key features included 
in the final model. The κ values ranged from 0.78 to 0.88, 
indicating substantial to excellent agreement.

Nonenhanced features
The evaluation of nonenhanced features was as follows 
(Figures S1,S2). (I) Tumor location was categorized as 
right lobe, left lobe, caudate lobe, or crossing the right and 
left lobes. (II) Tumor number was categorized as solitary 
(n=1) or multiple (n>1). (III) Tumor size was defined as the 
maximal diameter of the lesion on multimodal imaging. 
(IV) Tumor shape on CUS was categorized as regular shape 
(defined as a nodular tumor; Figure S1A) or irregular shape 
(defined as focal extranodular extension, multinodular 
confluence, and focal infiltrative margin; Figure S1B-S1D). 

Figure 1 Flowchart of patient enrollment. The inclusion and exclusion process are separately illustrated for modeling cohort from 
institution 1 (Nanjing Drum Tower Hospital, Affiliated Hospital of Medical School, Nanjing University) and the validation cohort of 
institution 2 (Zhongshan Hospital, Fudan University). CEUS, contrast-enhanced ultrasound; CUS, conventional ultrasound; HCC, 
hepatocellular carcinoma; MRI, magnetic resonance imaging.
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Tumor shape on MRI was categorized as nodular (defined as 
round or round-like nodules with clear and regular borders; 
Figure S1E) or non-nodular (defined as protruding, 
multiple fused nodules, and irregular infiltration;  
Figure S1F-S1H). (V) Tumor margin was categorized as 
clear or unclear. (VI) Echogenicity was categorized into 
four states (hyperechoic, isoechoic, hypoechoic, or multiple 
fused echoes; Figure S1I-S1L) based on the primary echo 
intensity inside the tumor as compared to that in the 
adjacent normal liver parenchyma. (VII) Tumor blood flow 
signal was detected via color Doppler flow imaging (CDFI) 
and was evaluated according to the Alder grading system 
of blood flow as follows: grade 0 (absent), no blood flow 
visualized; grade I (minimal), one- or two-pixels containing 
flow; grade II (moderate), a main vessel and/or several 
small vessels; and grade III (marked), four or more vessels  
(Figure S2A-S2D) (23). (VIII) Macrovascularity around the 
tumor on CUS was defined as peripheral prominent portal 
veins, hepatic vein, or their branches located near (<1 cm) 
the tumor (Figure S2E,S2F).

Enhanced features

CEUS 
The evaluation of CEUS features was as follows (Figure S3):  
(I) the degree of enhancement (hypo-, iso-, hyper-, or 
mixed enhancement) was determined by comparing tumor 
lesions with the surrounding liver tissue in the arterial, 
portal venous, and delayed phases (Figure S3A-S3D); (II) 
the enhancement pattern was classified as heterogeneous, 
homogeneous, or ring-like enhancement (Figure S3E-S3G);  
(III) arterial peritumoral enhancement was defined as 
a detectable portion of hyperenhancement outside the 
tumor margin with comprehensive contact to the tumor 
border, followed by isoenhancement with the background 
liver parenchyma in the delayed phase (Figure S3H); (IV) 
capsular enhancement was defined as a peripheral ring of 
smooth hyperenhancement in the portal venous or delayed 
phase (Figure S3I); (V) nonenhancing area was defined 
as any nonenhanced area inside the tumor; (VI) washout 
was defined as hypoenhancement in the tumor compared 
to the surrounding parenchyma; the time and intensity of 
washout were categorized as early washout (<60s) or marked 
washout.

MRI
The evaluation of MRI features was as follows (Figure S4). 
(I) The homogeneity of tumor signal intensity assessed on 

transverse T2-weighted imaging (T2-WI) was categorized 
as homogenous or heterogeneous (Figure S4A). (II) The 
enhancement pattern was categorized as early arterial 
enhancement with early washout, peritumoral enhancement 
(patchy or crescent-shaped region surrounding the tumor 
exhibiting arterial phase hyperintensity and portal phase 
isointensity; Figure S4B), rim enhancement (annular 
region of the tumor with increased intensity during the 
arterial phase; Figure S4C), or asynchronous enhancement 
(hyperenhancing and hypoenhancing zones in different 
parts of the lesion during the same period; Figure S4D). 
(III) Pseudocapsule of the tumor was defined as present or 
absent (Figure S4E).

Laboratory indicators
Preoperative laboratory tests included complete liver and 
renal function tests, including for hepatitis B immunology, 
hepatitis B surface antigen (HBsAg), serum alpha-
fetoprotein (AFP) level, carcinoembryonic antigen (CEA), 
carbohydrate antigen199 (CA199), carbohydrate antigen125 
(CA125), serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), γ-glutamyl transpeptidase (GGT), 
serum total bilirubin (TB), serum albumin (ALB), alkaline 
phosphatase (ALP), lymphocyte count (LR), neutrophil 
count (N), platelet count (PLT), prothrombin time (PT), 
and serum creatinine (Scr). Other inflammatory indices were 
derived as follows: the alkaline phosphatase-to-lymphocyte 
ratio (ALR) was calculated as ALR = ALP (U/L)/ 
LR (×109/L); the NLR as NLR = N (×109/L)/LR (×109/L); 
and the PLR as PLR = PLT (×109/L)/LR (×109/L).

Pathological outcomes
A postoperative histopathological evaluation was performed 
on resected specimens using hematoxylin-eosin (H&E) 
staining. MVI was defined as the histopathologic presence 
of tumor cell clusters within endothelial-lined microvessels 
in the peritumoral liver parenchyma. For statistical analyses 
and model development, patients were dichotomized as 
MVI-positive if >50 intravascular tumor cells were identified 
and MVI-negative otherwise (24). Two pathologists with at 
least 10 years’ experience in HCC independently reviewed 
all slides; discrepancies were resolved by consensus or 
adjudication by a senior pathologist.

Statistical analysis

R software version 3.6.1 (The R Foundation for Statistical 
Computing) and SPSS 24.0 (IBM Corp., Armonk, NY, 

https://cdn.amegroups.cn/static/public/QIMS-2025-231-Supplementary.pdf
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USA) software were used for all statistical analyses. 
Normally and nonnormally distributed data are expressed 
in numbers and percentages for categorical variables and as 
the mean ± SD or median with interquartile range (IQR) 
for continuous variables, respectively. 

Baseline clinical and pathologic factors were compared 
between the two groups via the Chi-squared test for 
categorical variables or with the t-test for continuous 
variables, as appropriate. 

Firstly, an analysis of predictor variables capable of 
classifying MVI into positive and negative status was 
conducted in patients with HCC via univariable logistic 
regression. Subsequently, stepwise backward elimination 
was applied to select variables with a P value under 0.1 
for inclusion in the models (variables with P<0.10 in the 
univariate logistic regression analysis were entered into 
the multivariate logistic regression analysis). Based on 
the corresponding final logistic models, nomograms were 
constructed to predict these features.

The prediction model was then retested for internal 
validation via 500 bootstrap replicates. External validation 
was also conducted to assess any heterogeneity in model 
performance between the two institutions. 

A calibration curve was used to evaluate the model 
performance in the cohorts. For quantifying the predictive 
performance, we used the area under the receiver operating 
characteristic (ROC) curve (AUC) with the 95% confidence 
interval (CI), accuracy, sensitivity, specificity, positive 
predictive value (PPV), and negative predictive value (NPV). 
Finally, we evaluated our model’s clinical benefit through 
decision curve analysis. The threshold for statistical 
significance was a two-sided P=0.1. There were no missing 
data for the variables included in the model. Therefore, a 
complete case analysis was performed.

For prespecified benchmarking, we fitted an extra model 
composed of variables frequently reported as worrisome 
predictors of MVI in HCC—AFP, tumor number, tumor 
diameter, arterial peritumoral enhancement, and non-
nodular tumor type. The extra model used the same 
multivariable logistic framework and backward stepwise 
selection criteria as the main analyses. Model performance 
was assessed in both the modeling and external validation 
cohorts using discrimination (ROC AUC with 95% CI), 
calibration (bootstrap-corrected calibration curves), and 
clinical utility [decision-curve analysis (DCA)].

Results

Demographics

The modeling cohort (institution 1) included 179 patients. 
The patients’ mean age was 60 years (IQR 51–66 years), 
there were 149 (83.2%) men and 30 (16.8%) women, 
and MVI was present in 26.3% (47/179) of the patients. 
The external validation cohort (institution 2) included 
80 patients. The mean age of the patients was 60 years 
(IQR 53–67 years), there were 72 (90%) men and 8 (10%) 
women, and MVI was present in 46.3% (37/80) of the 
patients (Table S1).

Clinical features associated with MVI in univariate and 
multivariate analyses

According to univariate analyses, several variables, 
including sex, age, pathological type, PLR, ALT, AST, 
GGT, tumor number, diameter, capsule, Adler blood flow 
grading, visualized macrovascular around the tumor, arterial 
peritumoral enhancement, nonenhancing area, marked 
washout, non-nodular type tumor, and signal intensity, were 
associated with MVI (all P values <0.1).

Specifically, 64 lesions (24.71%) presented with 
nonenhancing components on CEUS. This feature was 
analyzed as a binary variable (present or absent) and 
remained significant in the multivariate analysis of the 
combined model.

In the multivariable analyses, we fitted three logistic 
prediction models using backward stepwise selection, with 
imaging information added sequentially from CUS to 
CEUS to MRI. Candidate predictors at each step included 
prespecified serological indices and imaging features from 
the relevant modalities; variables were retained only if 
selected by the stepwise procedure. The three models were: 
(I) a CUS model (CUS features only, plus any serological 
variables retained after selection); (II) a CEUS model (CUS 
+ CEUS features, plus any retained serological variables); 
and (III) a combined model (CUS + CEUS + MRI features, 
plus any retained serological variables). After selection, the 
final combined model retained seven imaging predictors: 
the CUS-derived tumor number, diameter, Adler blood flow 
grading and visualized macrovascularity around the tumor; 
the CEUS-derived arterial peritumoral enhancement and 
non-enhancing area; and the MRI-derived non-nodular 

https://cdn.amegroups.cn/static/public/QIMS-2025-231-Supplementary.pdf
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tumor type (AUC =0.937 in the modeling cohort; AUC 
=0.932 in external validation; Tables 1,2).

Development and external validation for the MVI-
prediction nomogram

For clarity, AUC1, AUC2, and AUC3 denote the ROC 
area under the curve in the modeling cohort for the CUS, 
CEUS, and the combined model, respectively. Accordingly, 
the modeling AUCs were AUC1=0.793, AUC2=0.838, and 

AUC3=0.937. In the validation cohort, the AUCs were 
0.816, 0.860, and 0.932, respectively. The DeLong test 
indicated a significant difference between the AUCs of the 
models (AUC3 vs. AUC2 vs. AUC1; P<0.05; respectively) 
(Figure 2A-2D). The sensitivity, specificity, PPV, and NPV 
of each model are shown in Table 2.

We developed a nomogram for the combined model to 
estimate the risk of MVI based on the individual variables 
of multimodal imaging and serological signatures, including 
tumor number, diameter, Adler blood flow grading, visualized 

Table 1 Univariate and multivariable analyses of preoperative clinical and imaging features in the prediction of histopathological findings

Clinical and radiological characteristics
Univariate analysis Multivariate analysis

OR [95% CI] P OR [95% CI] P

Sex 2.64 [0.96–9.33] 0.09

Age 0.97 [0.94–1.01] 0.10

Pathological type 6.05 [1.14–44.72] 0.04

PLR 1.00 [1.00–1.01] 0.07

ALT 3.13 [1.54–6.37] 0.002 CUS: 1.01 [1.00–1.01]1 CUS: 0.051

AST 2.43 [1.15–5.07] 0.02

GGT 1.85 [0.92–3.86] 0.09

Tumor number 3.81 [0.97–16.02] 0.05 CEUS: 4.92 [0.78–31.48]2 CEUS: 0.092

Com: 33.76 [2.79–494.04]3 Com: 0.0063

Diameter 1.20 [1.07–1.36] 0.003 Com: 0.73 [0.52–1.00]3 Com: 0.063

Capsule 2.59 [1.13–5.85] 0.02

Adler blood flow grading 1.69 [1.26–2.29] <0.001 CUS: 1.78 [1.18–2.71]1 CUS: 0.011

CEUS: 1.72 [1.12–2.68]2 CEUS: 0.012

Com: 3.24 [1.71–6.99]3 Com: <0.0013

Visualized macrovascularity around the 
tumor

22.19 [6.88–99.77] <0.001 CUS: 31.89 [8.16–171.33]1 CUS: <0.0011 

CEUS: 41.00 [9.82–237.48]2 CEUS: <0.0012

Com: 137.29 [17.12–1,988.90]3 Com: <0.0013

Arterial peritumoral enhancement 4.74 [1.79–13.10] 0.002 CEUS: 4.59 [1.15–18.43]2 CEUS: 0.032

Com: 7.90 [1.25–57.43]3 Com: 0.033

Nonenhancing area 2.43 [1.15–5.07] 0.02 Com: 5.47 [1.02–36.73]3 Com: 0.063

Marked washout 5.02 [1.88–17.47] 0.004

Non-nodular type tumor 18.62 [8.00–49.28] <0.001 Com: 103.37 [19.64–896.55]3 Com: <0.0013

Signal intensity 3.39 [1.70–7.02] <0.001
1 = CUS model; 2 = CEUS model; 3 = Combined model (CUS + CEUS + MR features, with retained serologic covariates as applicable).
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CEUS, contrast-enhanced ultrasound; CI, confidence interval; Com, 
combined model (CUS + CEUS + MR features, with retained serologic covariates as applicable); CUS, conventional ultrasound; GGT, 
gamma-glutamyl transferase; MR, magnetic resonance; OR, odds ratio; PLR, platelet-to-lymphocyte ratio.
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Table 2 Predictive performance of the CUS model, CEUS model, combination model, and extra model

Model AUC, C-index [95% CI] Sensitivity Specificity Accuracy PPV NPV

CUS model 

Modeling cohort (n=179) 0.793 [0.711–0.874] 0.40 0.97 0.82 0.83 0.82

Validation cohort (n=80) 0.816 [0.721–0.911] 0.78 0.74 0.76 0.72 0.80

Model CEUS

Modeling cohort (n=179) 0.838 [0.773–0.901] 0.40 0.94 0.80 0.70 0.82

Validation cohort (n=80) 0.860 [0.779–0.941] 0.86 0.72 0.79 0.73 0.86

Com

Modeling cohort (n=179) 0.937 [0.902–0.972] 0.72 0.94 0.88 0.81 0.91

Validation cohort (n=80) 0.932 [0.881–0.983] 0.84 0.84 0.84 0.82 0.86

Extra model 

Modeling cohort (n=179) 0.848 [0.778–0.918] 0.53 0.94 0.83 0.76 0.85

Validation cohort (n=80) 0.838 [0.746–0.930] 0.70 0.81 0.76 0.76 0.76

AFP, alpha-fetoprotein; AUC, area under the ROC curve; CEUS, contrast-enhanced ultrasound; CI, confidence interval; C-index, concordance 
index; Com, combined model (CUS + CEUS + MR features, with retained serologic covariates as applicable); CUS, conventional ultrasound; Extra 
model, comprising AFP, tumor number, tumor diameter, arterial peritumoral enhancement, and non-nodular tumor type; MR, magnetic resonance; 
NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristic.

macrovascularity around the tumor, arterial peritumoral 
enhancement, nonenhancing area, and non-nodular type 
tumor (Figure 2A). We further subjected the combined 
model to bootstrap validation, with a bootstrap-corrected 
concordance index (C-index) of 0.937 (Figure 2B,2C).  
In addition, calibration plots indicated good agreement 
between the nomogram and histopathology of surgical 
specimens regarding the estimation of MVI risk; moreover, 
the decision curves showed that the net benefit of the 
nomogram was higher than that of assuming all patients 
have MVI.

Using the independent cohort from institution two, the 
nomogram based on the combined model maintained high 
discrimination for estimating the preoperative probability 
of MVI, with a C-index/ROC AUC =0.932 (95% CI, 
0.88–0.98). For comparison, the CUS and CEUS models 
achieved AUC1 =0.816 and AUC2 =0.860, respectively 
(AUC1 denotes CUS; AUC2 denotes CEUS); DeLong 
tests showed that the combined model significantly 
outperformed both (P<0.05) (Figure 2D). Calibration—
assessing the agreement between nomogram-predicted MVI 
probabilities and observed MVI frequencies—demonstrated 
good concordance in the validation cohort (Figure 3A,3B). 
DCA indicated a higher net benefit for the nomogram than 
treat-all or treat-none strategies across clinically relevant 

threshold probabilities (Figure 3C,3D).

Comparison of the combined model and the extra model

As predefined in the Methods, the extra model incorporated 
AFP, tumor number, tumor diameter, arterial peritumoral 
enhancement, and non-nodular tumor type (22,25-28). 
Compared with the prespecified extra model (AUC 0.848 
in the modeling cohort; 0.838 in external validation), the 
combined model showed superior discrimination in both 
cohorts (AUC 0.937 and 0.932, respectively; DeLong 
P<0.05 for each comparison). Calibration demonstrated 
close agreement between nomogram-predicted MVI 
probabilities and observed MVI frequencies, and DCA 
indicated a higher net benefit for the combined model than 
treat-all or treat-none across clinically relevant thresholds 
(Figure 4). According to these results, the combined model 
consistently outperformed the other models (the CUS, 
CEUS, and the extra models).

Discussion

This study established and validated a nomogram that 
integrated multimodal imaging and serological signatures 
to predict preoperative MVI in patients with HCC. After 
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Figure 2 Performance of the nomogram. (A) Nomogram for preoperative prediction of MVI in HCC. (B) ROC curve of the nomogram in 
the modeling cohort for the combined (0.937), CUS (0.793), and CEUS (0.838) models. (C) The bootstrap-corrected concordance index 
(AUC =0.937; 95% CI: 0.9–0.969). (D) ROC curve of the nomogram in the validation cohort for the combined (0.932), CUS (0.816), 
and CEUS (0.860) models. Tumor diameter demonstrated an inverse relationship with MVI (OR =0.73) and was retained for its clinical 
relevance. Although larger tumors are traditionally associated with MVI, emerging evidence suggests that fibrous encapsulation or necrosis 
in larger tumors may reduce MVI risk, whereas small, aggressive tumors may exhibit high vascular invasion potential. AUC, area under 
the curve; CEUS, contrast-enhanced ultrasound; CI, confidence interval; CUS, conventional ultrasound; HCC, hepatocellular carcinoma;  
MVI, microvascular invasion; OR, odds ratio; ROC, receiver operating characteristic; Std., standard.
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Figure 3 Calibration curves in the (A) modeling cohort and (B) validation cohort and DCA in (C) the modeling cohort and (D) validation 
cohort. CEUS, contrast-enhanced ultrasound; CUS, conventional ultrasound; DCA, decision-curve analysis.

an independent external verification, the nomogram 
demonstrated good calibration, discrimination, and 
classification performance in both the modeling and 
validation cohorts. Interestingly, radiologists and surgeons 
could predict the presence of MVI in HCC with the help of 
our new model.

Imaging is playing an increasingly important role in the 
preoperative prediction of MVI. Although pathological 
confirmation remains the gold standard, imaging allows 
for the noninvasive, repeatable, and dynamic assessment 
of vascular invasion risk before treatment. Specific 
imaging features—such as nonsmooth tumor margins, 
peritumoral arterial enhancement, and macrovascular 
structures surrounding the tumor—have demonstrated 
strong correlations with MVI in HCC. These findings 
support the use of imaging as one of the most essential 
tools in early diagnostic and therapeutic decision-making. 
Therefore, our study focused on developing a multimodal 

imaging-based prediction model to facilitate individualized 
management and improve outcomes in patients with HCC. 
These findings align with recent perspectives emphasizing 
preoperative MVI risk stratification to inform individualized 
therapy (e.g., Wang et al.) (29).

Our study investigated the predictive value of multimodal 
imaging for MVI in HCC. The final nomogram included 
radiological features from CUS, CEUS, and MR images 
and had higher AUCs of 0.937 and 0.932 in the modeling 
and validation cohorts, respectively, as compared to the 
model with CUS alone (modeling AUC =0.793; validation 
AUC =0.816) or that with CUS and CEUS (modeling AUC 
=0.838; validation AUC =0.860) (P<0.05).

Our results indicated that tumor number, diameter, Adler 
blood flow grading, visualized macrovascularity around the 
tumor, arterial peritumoral enhancement, nonenhancing 
area, and non-nodular type tumor were significantly 
associated with MVI. This in line with studies reporting 
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Figure 4 Performance of the nomogram and the extra model. (A) ROC curve of nomogram and extra model in the modeling cohort 
(AUC: 0.937 vs. 0.848). (B) ROC curve of the nomogram and extra model in the validation cohort (AUC: 0.932 vs. 0.838). (C) DCA in 
the modeling cohort. (D) DCA in the validation cohort. The extra model (benchmark comparator) comprises AFP, tumor number, tumor 
diameter, arterial peritumoral enhancement, and non-nodular tumor type. AFP, alpha-fetoprotein; AUC, area under the ROC curve; DCA, 
decision-curve analysis; ROC, receiver operating characteristic.

that tumor number, tumor size, non-nodular type, and 
arterial peritumoral enhancement are highly predictive of 
histological MVI (15,30-35). 

The mechanism underlying arterial peritumoral 
enhancement’s correlation with MVI is likely compensatory 
arterial hyperperfusion leading to hemodynamic perfusion 
changes (36). This usually occurs in areas of decreased portal 
flow due to occlusion of minute portal branches by tumor 
thrombi, and the draining veins of encapsulated HCCs 
are typically portal venules. According to Kim et al. (27),  
the same pattern can be detected in gadolinium ethoxy 
benzyl diethylenetriamine pentaacetic acid (Gd-EOB-
DTPA) MRI, including hepatobiliary phase images, and 
is a risk factor for MVI. A study by Nishie et al. (35) also 
demonstrated that marked peritumoral enhancement on 
both CT hepatic arteriography and CT aortoportography is 

a significant predictor of MVI (in our study, the peritumoral 
enhancement data on CEUS were examined). They 
achieved satisfactory results, suggesting that it is possible 
to assess peritumoral enhancement using noninvasive 
techniques, such as CT, dynamic MRI, or CEUS, which are 
recommended for HCC diagnosis. 

In our study, CEUS was used to identify qualitative 
enhancement patterns relevant to MVI risk. Although 
quantitative CEUS perfusion parameters, such as time-
intensity curve (TIC) analysis or mean transit time, have 
been reported to correlate with tumor aggressiveness and 
MVI, we did not incorporate these parameters. This was 
due to the retrospective nature of our study and the lack of 
standardized perfusion acquisition tools across ultrasound 
systems in both institutions. Thus, robust and reproducible 
CEUS features—such as nonenhancing areas and 
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peritumoral enhancement—were prioritized in our model. 
Future prospective studies with uniform CEUS platforms 
and software should be conducted to investigate the added 
value of quantitative perfusion analysis.

On CEUS, the nonenhancing area within the tumor 
reflects necrosis and hypoxia. Several studies have 
demonstrated that hypoxia and necrosis can activate the 
aggressiveness of HCC or cause irregular rim-like arterial 
phase enhancement in the tumor (37-39). As a result, the 
presence of a nonenhancing area on CEUS may be an indicator 
of MVI risk. However, in our study, the nonenhancing area 
was included as a binary variable (present or absent), with no 
quantification of its actual size or proportion. This was due to 
limitations in standardizing CEUS image resolution and the 
absence of postprocessing tools in the retrospective setting. 
Future prospective studies may benefit from volumetric 
analysis of necrotic regions to further enhance the predictive 
performance of CEUS-based models.

Compared with purely intratumoral morphologic 
features (e.g., size, capsule) or intratumoral vascular signs, 
peritumoral microvascular markers within ~1 cm of the 
tumor margin—including high Adler blood-flow grade, 
visualized peritumoral macrovasculature, and arterial 
peritumoral enhancement—are more directly influenced 
by MVI and therefore exhibited stronger associations with 
histologic MVI in our cohorts. Therefore, we also focused 
on features around the tumor. Among these predictors, 
Adler blood-flow grading and visualized peritumoral 
macrovasculature have been less commonly incorporated 
into MVI prediction models; however, in our study, they 
showed a greater relative contribution to MVI prediction, as 
reflected by higher point assignments in the nomogram (and 
larger regression coefficients). They may help predict MVI 
due to the following: during MVI, tumor cell clusters are 
shed into the visualized draining vessels around the tumor 
(usually the peritumoral portal vein) (40), and some of these 
clusters may adhere to or even invade the blood vessel wall, 
obstructing and slowing blood flow microcirculation in the 
peritumoral drainage system.

Large tumor size has historically been considered to be 
a reliable predictor of MVI in HCC (15,30,31). However, 
emerging evidence and our findings suggest that tumor 
size alone may not be sufficient for prediction. Based on 
the de novo development hypothesis, HCCs ≤2 cm have 
also been associated with MVI and poor prognosis (41). 
Furthermore, it has been hypothesized that large tumors 
may undergo encapsulation or necrosis, thereby reducing 
peripheral vascular invasion (42,43). Conversely, small but 

poorly differentiated tumors may pose a higher MVI risk. 
In our study, compared with non-vascular intratumoral 
morphologic features—particularly tumor diameter, which 
showed only a borderline association with MVI [odds ratio 
(OR) =0.73; 95% CI: 0.52–1.00; P=0.063]—peritumoral 
vascular features such as high Adler blood-flow grading and 
visualized peritumoral macrovasculature exhibited stronger 
and independent associations with MVI, underscoring the 
need for multiparametric imaging-based prediction models.

To further advance preoperative risk stratification 
for MVI, we constructed a multimodal nomogram that 
integrated grayscale ultrasound (CUS), CEUS, and 
gadoxetic acid-enhanced MRI, along with serological 
markers. Previous studies have typically focused on single 
imaging modalities or lacked external validation, potentially 
limiting generalizability. In contrast, our approach 
combined complementary information from three imaging 
techniques and included an independent external validation 
cohort to assess reproducibility. Furthermore, we employed 
qualitative imaging features that are routinely available in 
clinical practice, increasing their translational potential. 
These elements distinguish our work and may provide 
a practical and individualized tool for preoperative MVI 
prediction in patients with HCC.

Furthermore, previous studies (22,25-28) have proposed 
several “worrisome” variables (e.g., AFP, tumor number, 
diameter, arterial peritumoral enhancement, and non-nodular 
type tumor) as predictors of MVI. However, these have 
not been widely recognized in the preoperative radiologic 
diagnosis of MVI in HCC. Consequently, we constructed an 
extra model incorporating these variables. Compared with 
the prespecified extra model (AUC =0.848 in the modeling 
cohort; 0.838 in external validation), the combined model 
showed higher discrimination in the external validation 
cohort (AUC =0.932); the difference was confirmed by 
DeLong tests (P<0.05). DCA also demonstrated greater net 
benefit for the combined model than treat-all or treat-none 
across clinically relevant threshold probabilities. 

Despite these promising results, this study involved 
several limitations that should be acknowledged. First, due 
to the retrospective design, the cohort recruitment might 
have been biased by the selection of surgical procedures, 
which might have led to an incomplete representation of 
all radiologic features of HCC. Second, the study lacked 
prospective validation, and thus, a prospective multicenter 
study is needed to verify our results. Third, the external 
validation cohort had a relatively small sample size. As part 
of future analyses, we will collect extracellular contrast 
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data and increase the sample size for validation. Moreover, 
contrast-enhanced CT was not included in our model due 
to its nonstandardized use across cohorts, and our aim 
was to develop a nonionizing and dynamically assessable 
multimodal model combining CUS, CEUS, and MRI. 
However, we acknowledge that the inclusion of contrast-
enhanced CT in future models may offer further insights 
and improve generalizability. Finally, as ultrasound and 
CEUS are inherently operator-dependent modalities, 
variations in scanning technique and interpretation 
across operators or institutions may reduce the study's 
reproducibility. Although we used standardized protocols 
and experienced readers to minimize bias, this limitation 
should be considered in the broader application of our 
model in clinical practice.

Conclusions

We developed a reliable combined model for the 
preoperative prediction of MVI in HCC that was highly 
accurate, specific, and sensitive. Clinical practitioners may 
benefit from this model based on the combination of CUS, 
CEUS, MRI, and serological signatures of HCC, as it can 
assist in optimizing interventions and achieving greater 
precision and individualization of treatment.
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