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Background: Patients with microvascular invasion (MVI)-positive hepatocellular carcinoma (HCC) have shown promising results with
adjuvant hepatic arterial infusion chemotherapy (HAIC) with FOLFOX after curative resection. The authors aim to develop an imaging-derived
biomarker to depict MVI-positive HCC patients more precisely and promote individualized treatment strategies of adjuvant HAIC.
Materials and methods: Patients with MVI-positive HCC were identified from five academic centers and utilized for model development
(n=470). Validation cohorts were pooled from a previously reported prospective clinical study conducted [control cohort (n=145), adjuvant
HAIC cohort (n=143)] (NCT03192618). The primary endpoint was recurrence-free survival (RFS). Imaging features were thoroughly
reviewed, and multivariable logistic regression analysis was employed for model development. Transcriptomic sequencing was conducted
to identify the associated biological processes.
Results: Arterial phase peritumoral enhancement, boundary of the tumor enhancement, tumor necrosis stratification, and boundary of the
necrotic area were selected and incorporated into the nomogram for RFS. The imaging-basedmodel successfully stratified patients into two
distinct prognostic subgroups in both the training, control, and adjuvant HAIC cohorts (median RFS, 6.00 vs. 66.00 months, 4.86 vs.
24.30 months, 11.46 vs. 39.40 months, all P<0.01). Furthermore, no significant statistical difference was observed between patients at
high risk of adjuvant HAIC and those in the control group (P=0.61). The area under the receiver operating characteristic curve at 2 yearswas
found to be 0.83, 0.84, and 0.73 for the training, control, and adjuvant HAIC cohorts, respectively. Transcriptomic sequencing analyses
revealed associations between the radiological features and immune-regulating signal transduction pathways.
Conclusion: The utilization of this imaging-based model could help to better characterize MVI-positive HCC patients and facilitate the
precise subtyping of patients who genuinely benefit from adjuvant HAIC treatment.
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Introduction

Hepatocellular carcinoma (HCC) is a highly prevalent malig-
nancy and a leading cause of cancer-related mortality
worldwide[1]. Although surgical resection remains the corner-
stone of curative treatment, its long-term efficacy is hindered by
an unsatisfactorily high recurrence rate ranging from 60 to
70%[2,3]. Therefore, there exists a substantial clinical need in
patients with HCC for adjuvant treatments aimed at preventing
tumor recurrence.

The management of adjuvant treatment strategies in HCC
poses a considerable challenge. Despite various adjuvant thera-
pies being investigated to improve long-term survival, no stan-
dard treatment options are currently available[4,5]. This challenge
is twofold: firstly, it involves identifying patients who truly
require adjuvant therapy; and secondly, determining the most
appropriate treatment approach to employ. Recently, our study
has revealed that postoperative adjuvant hepatic arterial infusion
chemotherapy (HAIC) based on FOLFOX represents a promising
emerging treatment approach for HCC patients with micro-
vascular invasion (MVI-positive), demonstrating a median
recurrence-free survival (RFS) of 20.3 months compared to
10.0 months for patients receiving routine follow-up
(NCT03192618)[6,7]. Despite the hope brought by adjuvant
HAIC in improving the dismal prognosis of HCC patients with
MVI, several questions remain unresolved in clinical practice due
to the heterogeneous characteristics observed in MVI-positive
patients and the fact that not all cases relapse after curative
resection[8,9]. The previously acclaimed success ofMVI in guiding
the treatment strategy of adjuvant HAIC in HCC patients has
now reached a plateau. Thus, the identification of individual
patients who would genuinely benefit from the adjuvant HAIC is
an urgent imperative.

As an indispensable component of clinical practice, medical
imaging plays a pivotal role in the management of tumors, with
emerging evidence indicating that imaging-based features can
provide valuable insights into molecular characteristics and
genetic patterns, thereby complementing tumor heterogeneity
and enhancing the predictive capabilities of existingmodels[10,11].
Previous studies have demonstrated that imaging features of
HCC reflect the dynamic and physiological interplay of par-
enchymal cells, blood vessels, and stroma, which reflect different
aggressive biological behaviors and hold great promise as an
intermediate phenotype bridging the gap between genetic varia-
tion and pathology[12–14]. However, the ability of radiological
imaging features to accurately reflect the heterogeneity among
MVI-positive HCC patients remains uncertain, and it is yet to be
determined whether the analysis of radiological characteristics
can aid in postoperative adjuvant HAIC for MVI-positive
patients.

Therefore, this study conducted a large multicenter cohort
analysis to investigate and validate the potential of imaging
characteristics in stratifying MVI-positive patients and guiding
treatment strategies for postoperative adjuvant HAIC.

Materials and methods

Study patients

We analyzed patients with histologically confirmed HCC with
MVI after resection between February 2009 and January 2022

from 5 independent institutions in China (Sun Yat-sen University
Cancer Center (SYSUCC), the First Affiliated Hospital of Sun
Yat-sen University (AHSYSU), Hunan Cancer Hospital (HNCA),
Zhuhai People’s Hospital (ZHPH), and Zhujiang Hospital of
SouthernMedical University (ZJHSMU)) to produce the training
cohort. A total of 2791 patients treatedwith hepatic resection and
with pathologically proven HCC were screened for eligibility. Of
these 2791 patients, only patients who met all the following cri-
teria were enrolled in this study.

The main inclusion criteria were as follows: (i) age older than
or equal to 18 years old; (ii) histologically confirmed HCC with
MVI-positive after resection; (iii) no other anticancer treatments
before surgery; (iv) an Eastern Cooperative Oncology Group
performance status of ≤2; (v) without macrovascular invasion or
distant metastasis; and (vi) without other malignant tumors. The
main exclusion criteria were as follows: (i) without available
computed tomography (CT) or magnetic resonance (MR) images
for evaluation, (ii) with any other treatments before surgical
resection; (iii) patients with histologically proven positive resec-
tion margin (R1 resection); (iv) recurrence 4–6 weeks after
hepatectomy; (v) incomplete data or no follow-up data. The
inclusion and exclusion criteria were consistent with our pre-
viously published prospective clinical trials (identifier:
NCT03192618) except for those without available images for
evaluation. In total, 470 HCC patients were enrolled (Fig. 1A).

The validation cohort was formed by screening the data of all
patients from five centers SYSUCC, the First Affiliated Hospital
of Guangzhou University of Chinese Medicine (AHGUCM), the
First People's Hospital of Foshan (FPHP), ZJHSMU, and the First
Affiliated Hospital of Jinan University (FAHJNU) who partici-
pated in our previous prospective clinical trials study (identifier:
NCT03192618), conducted between March 2016 and June
2021. The same inclusion and exclusion criteria were applied to
select patients for the validation cohort. Subsequently, the vali-
dation cohort comprised patients in the treatment group
(n=143) who received adjuvant HAIC after hepatectomy, and
the control group (n=145) consisting of patients who did not
receive any adjuvant treatment following curative resection
(Fig. 1B).

The flowchart depicting the methodology employed in this
multicenter retrospective study is illustrated in Figure 1. This
investigation received approval from the local Research Ethics
Committees (B2021-214-Y02), and informed consent was duly

HIGHLIGHTS

• In retrospective multicenter studies of hepatocellular car-
cinoma (HCC) patients with microvascular invasion
(MVI-positive), the imaging-based model successfully stra-
tified patients into two distinct prognostic subgroups, with
areas under the receiver operating characteristic curve of
0.73–0.84.

• The imaging-based model successfully facilitated the pre-
cise subtyping of patients who genuinely benefit from
adjuvant HAIC treatment (11.46 vs. 39.40 months,
P< 0.01).

• Based on RNA-seq data analysis, this study uncovered that
differentially expressed genes were found to commonly be
involved in inflammatory response regulation, and
immune regulation.
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waived from all participating patients due to the retrospective
study. The work has been reported in line with the STROCSS
criteria[15]. Supplemental Digital Content 1, http://links.lww.
com/JS9/D49.

Image acquisition

The CT protocol consisted of pre-contrast and dynamic contrast
images, including the arterial phase (AP), portal venous phase
(PVP), and delayed phase (DP). The contrast-enhanced MRI
sequences consisted of T2-weighted imaging, dynamic T1-
weighted imaging in the pre-contrast phase (AP, PVP, DP), and
diffusion-weighted imaging (b=50/800). The scanning protocols
of CT and MR liver acquisition from different centers are shown
in Table S1, Supplemental Digital Content 2, http://links.lww.
com/JS9/D50 and S2, Supplemental Digital Content 2, http://
links.lww.com/JS9/D50.

Clinical characteristics and image analysis

We obtained clinical characteristics from electronic health
records, including age, gender, hepatitis B virus infection, liver
cirrhosis, alpha-fetoprotein level (AFP), liver function, and
Barcelona Clinic Liver Cancer stage (BCLC). The analysis of CT
orMR image features was performed by two radiologists (LDMa
and C Zhang) who were blinded to the radiological reports and
patient’s follow-up data. In case of disagreement, a senior radi-
ologist (CM Xie) resolved the discrepancies. All conflicting radi-
ological characteristics were reviewed by the senior radiologist.
The major features included the following: (a) tumor number,
defined as solitary when the number equaled 1, otherwise defined
as multiple when number greater than or equal to 2; (b) tumor
size, defined as the largest outer-edge-to-outer-edge dimension on
the transverse section; (c) AP enhancement type, including the
following four types: types 1 (nonrim AP hyperenhancement
(APHE), type 2 (rim APHE), type 3 (homogeneous enhancement),
type 4 (without APHE); (d) AP enhancement degree, defined as
type 1 when the area of maximum section for tumor enhancement

was less than or equal to 50% otherwise defined as type 2; (e)
internal or peripheral artery, defined as presence of discrete
arterial enhancement within or around the tumor; (f) AP peritu-
moral enhancement, defined as hyperintensity or hyperdensity in
the AP, which becomes isointensity or isodensity on the PVP or
DP; (g) boundary of the tumor enhancement, defined as clear or
obscure in AP; (h) nonperipheral washout, defined that apparent
washout is not most pronounced in the periphery of the obser-
vation; (i) capsule appearance, defined as peripheral rim of uni-
form and smooth hyperenhancement in the PVP or DP, which is
categorized into three groups (absent, incomplete, and complete);
(j) tumor margin, defined according to the following four types:
nodular with extranodular extension, multinodular confluent,
infiltrative shaped tumor, smooth margin; (k) satellite nodules,
defined as small (<2 cm) tumor nodules close (<2 cm) to the
main tumor; (l) boundary of the necrotic area, classified as clear or
obscure/without nonenhanced area; (m) tumor necrosis stratifi-
cation, defined as type 1 when the area of maximum section for
tumor necrosis is less than or equal to 40% otherwise defined as
type 2; (n) intratumoral hemorrhage, defined as hyperdensity on
pre-contrast CT or hyperintensity on pre-contrast MRI (Table S3,
Supplemental Digital Content 2, http://links.lww.com/JS9/D50).

Follow-up

RFSwas the primary endpoint, defined as the time interval from liver
resection to initial tumor recurrence or last follow-up if no recurrence
occurred. All patients underwent regular postoperative follow-up
using serum alpha-fetoprotein and contrast-enhanced ultrasound,
CT, or MRI every 2–3 months. Patients without recurrence or death
at the time of data analysis were considered alive and event-free until
their last follow-up date. Recurrence was confirmed based on cyto-
logic/histologic evidence or noninvasive diagnostic criteria for HCC
established by the European Association for the Study of Liver. This
study was censored on 10 October 2021.

Figure 1. Flow chart of the study population. HAIC, hepatic arterial infusion chemotherapy; HCC, hepatocellular carcinoma; MVI, microvascular invasion; SYSUCC,
Sun Yat-sen University Cancer Center; AHSYSU, the first Affiliated Hospital of Sun Yat-sen University; HNCA, Hunan Cancer Hospital; ZHPH, Zhuhai People's
Hospital; ZJHSMU, Zhujiang Hospital of SouthernMedical University; AHGUCM, the first Affiliated Hospital of Guangzhou University of ChineseMedicine; FPHF, the
First People's Hospital of Foshan; FAHJNU, the First Affiliated Hospital of Jinan University.
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Table 1
Patient characteristics.

Characteristic

Entire cohort Training cohort Control cohort HAIC cohort

P(n= 758) (n= 470) (n= 145) (n= 143)

Age (median [IQR]) 51 [43, 60] 50 [41, 58] 54 [47, 63] 51 [42, 62] < 0.001
Sex, n (%) 0.416
Male 670 (88.39) 420 (89.36) 128 (88.28) 122 (85.31)
Female 88 (11.61) 50 (10.64) 17 (11.72) 21 (14.69)

Position of the lesion, n (%) 0.532
Left lobe 192 (25.33) 119 (25.32) 32 (22.07) 41 (28.67)
Right lobe 521 (68.73) 320 (68.09) 107 (73.79) 94 (65.73)
Bilateral lobe 45 (5.94) 31 (6.60) 6 (4.14) 8 (5.59)

Num, n (%) 0.955
Solitary 699 (92.22) 434 (92.34) 134 (92.41) 131 (91.61)
Multiple 59 (7.78) 36 (7.66) 11 (7.59) 12 (8.39)

Maximum diameter (median [IQR]), mm 58 [38, 88] 60 [39, 89] 56 [35, 82] 56 [35, 85] 0.336
Intratumoral hemorrhage, n (%) 0.005
Negative 635 (83.77) 407 (86.60) 109 (75.17) 119 (83.22)
Positive 123 (16.23) 63 (13.40) 36 (24.83) 24 (16.78)

Density, n (%) < 0.001
Homogeneity 247 (32.59) 180 (38.30) 32 (22.07) 35 (24.48)
Heterogeneity 511 (67.41) 290 (61.70) 113 (77.93) 108 (75.52)

AP enhancement type, n (%) 0.218
Type 1 27 (3.56) 21 (4.47) 5 (3.45) 1 (0.70)
Type 2 620 (81.79) 376 (80.00) 120 (82.76) 124 (86.71)
Type 3 49 (6.46) 36 (7.66) 6 (4.14) 7 (4.90)
Type 4 62 (8.18) 37 (7.87) 14 (9.66) 11 (7.69)

Nonperipheral washout, n (%) 0.190
Negative 40 (5.28) 30 (6.38) 4 (2.76) 6 (4.20)
Positive 718 (94.72) 440 (93.62) 141 (97.24) 137 (95.80)

Capsule appearance, n (%) < 0.001
Absent 511 (67.41) 317 (67.45) 79 (54.48) 115 (80.42)
Incomplete 70 (9.23) 66 (14.04) 3 (2.07) 1 (0.70)
Complete 177 (23.35) 87 (18.51) 63 (43.45) 27 (18.88)

Satellite nodules, n (%) 0.297
Negative 625 (82.45) 381 (81.06) 120 (82.76) 124 (86.71)
Positive 133 (17.55) 89 (18.94) 25 (17.24) 19 (13.29)

Tumor margin, n (%) < 0.001
Nodular with extranudular extension 54 (7.12) 38 (8.09) 9 (6.21) 7 (4.90)
Multinodular confluent 341 (44.99) 228 (48.51) 54 (37.24) 59 (41.26)
Infiltrative shaped tumor 247 (32.59) 145 (30.85) 62 (42.76) 40 (27.97)
Smooth margin 116 (15.30) 59 (12.55) 20 (13.79) 37 (25.87)

AP peritumoral enhancement, n (%) 0.009
Negative 457 (60.29) 300 (63.83) 72 (49.66) 85 (59.44)
Positive 301 (39.71) 170 (36.17) 73 (50.34) 58 (40.56)

Tumor necrosis stratification, n (%) 0.079
Type 1 588 (77.57) 358 (76.17) 109 (75.17) 121 (84.62)
Type 2 170 (22.43) 112 (23.83) 36 (24.83) 22 (15.38)

M
a
etal.InternationalJournalofS

urgery
(2025)

875



Table 1

(Continued)

Characteristic

Entire cohort Training cohort Control cohort HAIC cohort

P(n= 758) (n= 470) (n= 145) (n= 143)

Boundary of the necrotic area, n (%) 0.014
Without nonenhanced area 334 (44.06) 194 (41.28) 63 (43.45) 77 (53.85)
Clear 360 (47.49) 226 (48.09) 74 (51.03) 60 (41.96)
Obscure 64 (8.44) 50 (10.64) 8 (5.52) 6 (4.20)

AP enhancement degree, n (%) < 0.001
Type 1 120 (15.83) 110 (23.40) 3 (2.07) 7 (4.90)
Type 2 638 (84.17) 360 (76.60) 142 (97.93) 136 (95.10)

Internal or peripheral artery, n (%) 0.362
Negative 336 (44.33) 203 (43.19) 62 (42.76) 71 (49.65)
Positive 422 (55.67) 267 (56.81) 83 (57.24) 72 (50.35)

Boundary of the tumor enhancement, n (%) 0.142
Clear 322 (42.48) 211 (44.89) 60 (41.38) 51 (35.66)
Obscure 436 (57.52) 259 (55.11) 85 (58.62) 92 (64.34)

AFP (median [IQR]), ng/ml 109.10 [8.15, 3035.75] 89.71 [7.99, 3764.00] 133.70 [10.40, 1924.00] 210.70 [6.76, 3681.50] 0.947
ALB (median [IQR]), g/l 42.50 [39.70, 44.98] 41.90 [39.30, 44.30] 43.60 [41.50, 45.60] 43.30 [40.60, 46.35] < 0.001
TBIL (median [IQR]), μmol/l 13.20 [9.90, 17.10] 13.40 [10.20, 17.78] 12.20 [9.30, 15.90] 13.20 [9.30, 16.40] 0.070
HBsAg, n (%) 0.869
Negative 109 (14.38) 70 (14.89) 20 (13.79) 19 (13.29)
Positive 649 (85.62) 400 (85.11) 125 (86.21) 124 (86.71)

BCLC stage, n (%) 0.949
0 26 (3.43) 18 (3.83) 4 (2.76) 4 (2.80)
A 589 (77.70) 365 (77.66) 112 (77.24) 112 (78.32)
B 143 (18.87) 87 (18.51) 29 (20.00) 27 (18.88)

Cirrhosis, n (%) 0.892
Negative 364 (48.02) 225 (47.87) 68 (46.90) 71 (49.65)
Positive 394 (51.98) 245 (52.13) 77 (53.10) 72 (50.35)

Follow-up time (median [IQR]), m 24.00 [8.00, 46.00] 27.00 [6.00, 55.00] 18.13 [8.73, 33.93] 23.00 [12.30, 35.65] 0.023
Status, n (%) 0.003
Non-recurrence 358 (47.23) 207 (44.04) 65 (44.83) 86 (60.14)
Recurrence 400 (52.77) 263 (55.96) 80 (55.17) 57 (39.86)

AP enhancement (APHE) types, type 1 (nonrim arterial phase hyperenhancement [APHE]), type 2 (rim APHE), type 3 (homogeneous enhancement), type 4 (without APHE); tumor necrosis stratification: type 1, the area of maximum section for tumor necrosis ≤ 40%; type 2, the area
of maximum section for tumor necrosis > 40%; AP enhancement degree, type 1, the area of maximum section for tumor enhancement ≤ 50%; type 2, the area of maximum section for tumor enhancement > 50%.
AFP, alpha-fetoprotein level; ALB, albumin; AP, arterial phase; BCLC, Barcelona Clinic Liver Cancer; HAIC, hepatic arterial infusion chemotherapy; IQR, interquartile range; TBIL, total bilirubin.

M
a
etal.InternationalJournalofS

urgery
(2025)

Internatio
nalJo

urnalo
f
S
urg

ery

876



Statistical analysis

The statistical analyses were performed using R software (https://
www.r-project.org/, version 4.2.3). Continuous variables are
presented as themeans ± SD, ormedian (interquartile range, IQR)
based on their distribution normality. Categorical variables were
expressed as counts (percentages). The intrareader agreement of
the imaging features was evaluated by Cohen kappa coefficients
or intraclass correlation coefficient (ICC) with 95% CI. The
kappa coefficients or ICC were as follows: less than or equal to
0.20, slight agreement; 0.21–0.40, fair agreement; 0.46–0.60,
moderate agreement; 0.61–0.80, substantial agreement; and
0.81–1.00, almost perfect agreement. Univariate analysis was
performed using the Kaplan–Meier method and compared using
the log-rank test. The cut-off values for the AP enhancement
degree and necrosis stratification were determined using the
“survminer” package in R. Multivariate analyses were carried
out through Cox proportional hazard regression with the back-
wards Akaike information criterion (AIC) selection method.
Hazard ratios (HR) and 95% CI were estimated to assess
associations. Model performance was evaluated by the time-
dependent area under the receiver operating characteristic curve
(tdAUROC). Considering the clinical importance of the predicted
absolute RFS probability, we developed a nomogram based on
the final multivariate model using the ‘rms’ package.
Additionally, we performed calibration curve analysis and deci-
sion curve analysis (DCA). To stratify patients into high and low-
risk groups, we used the 50th percentiles of relative risk points
from the training cohort according to the multivariate model.
Kaplan–Meier curves were employed to estimate RFS for differ-
ent risk groups and cohorts, with comparison conducted using a
log-rank test. The constructed model was applied to the 61
patients included in the genomics study, in which the corre-
sponding transcriptomic data were obtained from tissue samples.
All reported P values were two-sided, and statistical significance
was defined as P less than 0.05.

Results

Characteristics of the study patients

The study cohorts consisted of the training cohort (n= 470), the
adjuvant HAIC cohort (n=143), and the control cohort
(n=145). In the total patient population, preoperative MR
examination was performed on 313 patients (41.29%), CT
examination on 384 patients (50.66%), and both CT and MR
examinations on 61 patients (8.05%). The majority of patients
had hepatitis B virus infection, with proportions of 85.11% in the
training cohort, 86.71% in the adjuvant HAIC cohort, and
86.21% in the control cohort; accounting for a total proportion
of 85.62% across all cohorts combined. Detailed baseline char-
acteristics can be found in Table 1. The median follow-up time
was 27.00 (6.00–55.00) months in the training cohort, 23.00
(12.30–35.65) months in the adjuvant HAIC cohort, and 18.13
(8.73–33.93) months in the control cohort. Recurrence was
recorded in 263 patients (55.96%) in the training cohort, 57
(39.86%) in the adjuvant HAIC cohort, and 80 (55.17%) in the
control cohort. The early recurrence (<2 years) rates were
46.81% (220/470), 37.06% (53/143), and 51.72% (75/145) in
the training, the adjuvant HAIC, and control cohorts, respec-
tively. The treatment selection for recurrent HCCwas determined

by the multidisciplinary team, with a comprehensive considera-
tion of the recurrence pattern, including tumor size, number,
anatomical location, time to recurrence and reserve liver
function.

Assessment of interobserver agreement

Interobserver agreement was moderate for tumor necrosis stra-
tification (Cohen κ=0.75; 95% CI: 0.52–0.98), boundary of the
necrotic area (Cohen κ=0.70; 95% CI: 0.53–0.88), arterial
phase peritumoral enhancement (Cohen κ= 0.92, 95% CI:
0.81–1.00), and boundary of the tumor enhancement (Cohen
κ=0.72, 95% CI: 0.52–0.91). The interobserver agreement was
substantial to almost perfect for other imaging features (Table S4,
Supplemental Digital Content 2, http://links.lww.com/JS9/D50).

Construction of the multivariate Cox proportional hazards
regression model

After conducting univariable analysis on the training cohort, we
identified several factors associated with RFS, including sex, age,
maximum tumor diameter (mm), satellite nodules, tumormargin,
internal or peripheral artery involvement, AP peritumoral
enhancement, tumor necrosis stratification, boundary of the
necrotic area, AP enhancement degree, boundary of the tumor
enhancement, AFP levels, HBsAg status and BCLC stage (all
P< 0.05). Subsequently employing a multivariate Cox propor-
tional hazards regression model with backward AIC for variable
selection process revealed four significant independent prognostic
factors for predicting RFS: arterial phase peritumoral enhance-
ment (HR= 2.33; 95% CI: 1.76–3.08; P<0.001), boundary of
the tumor enhancement (HR=2.09; 95% CI: 1.56–2.80;
P< 0.001), tumor necrosis stratification (HR=1.72; 95% CI:
1.25–2.36; P=0.001) and boundary of the necrotic area
(HR=1.81; 95% CI: 1.30–2.51; P<0.001) (Table 2).

Prognostic nomogram for RFS

The nomogram (Fig. 2) was constructed to forecast the absolute
probability of RFS for each individual, based on the aforemen-
tioned four independent prognostic factors. This enables perso-
nalized estimation of probabilities and highlights the significance
of individual characteristics. The 2-year AUROC of the model
constructed using the aforementioned variables for predicting
RFS was 0.83 (95% CI, 0.79–0.87) in the training cohort, 0.84
(95% CI, 0.74–0.93) in the control cohort, and 0.73 (95% CI,
0.62–0.83) in the adjuvant HAIC cohort (Fig. 3A-C).
Furthermore, the time-dependent AUROC of the model was
calculated for each cohort over time as depicted in Figure 3D-F.
The calibration curves of the nomogram demonstrated excellent
concordance between the predicted RFS probability by the
nomogram and the actual RFS proportion within each cohort
(Figure S1A-C, Supplemental Digital Content 3, http://links.lww.
com/JS9/D51). Additionally, DCA for evaluating the clinical
utility of the nomogram is presented in Figure S1D-F,
Supplemental Digital Content 3, http://links.lww.com/JS9/D51,
revealing that utilizing this predictive tool provided greater net
benefit compared to assuming all patients had recurred when
threshold probability exceeded 0.1.
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Postoperative recurrence risk in different groups

Themedian (95%CI) RFS was 23 (16–33) months in the training
cohort, 11.16 (7.70–14.6) months in the control cohort, and
27.10 (10.85–43.28) months in the adjuvant HAIC cohort. Using
a cut-off value of 133.45 derived from the model probability
points at the 50th percentile in the training cohort, patients were
stratified into the high-risk group (points ≥133.45) and the low-
risk group (points <133.45). The RFS curves between high-risk
and low-risk groups showed significant statistical differences in
the training cohort (median RFS: 6.00 vs. 66.00 months,
P< 0.0001, Fig. 4A), the control cohort (median RFS: 4.86 vs.
24.30months, P< 0.0001, Fig. 4B), as well as the adjuvant HAIC
cohort (median RFS:11.46 vs. 39.40 months, P=0.0017,
Fig. 4C). The 1-year, 2-year, and 3-year RFS rate was significantly
lower in the high-risk groups than the low-risk groups in the
training cohort (35.1% vs. 77.6%, 25.4% vs. 71.6%, 20.5% vs.
64.7%), the control cohort (23.9% vs. 68.0%, 12.4% vs. 50.2%,

0% vs. 35.3%), as well as the adjuvant HAIC cohort (44.9% vs.
69.9%, 0% vs. 59.5%, 0% vs. 52.4%). Besides, we further
compared the RFS among the high-risk group in the adjuvant
HAIC cohort, the low-risk group in the adjuvant HAIC cohort,
and the control cohort (Fig. 4D). Themedian RFS for the low-risk
group of the adjuvant HAIC cohort was significantly longer than
that of the control cohort (P<0.001). However, there was no
statistically significant difference observed between the high-risk
group receiving adjuvant HAIC and the control group (P= 0.61).

Biological processes associated with the imaging-based
model

Of the 61 included patients, 6 were classified as high risk and the
remaining 55 patients as low risk. The patient characteristics in
the RNA-seq sample are shown in Table S5, Supplemental Digital
Content 2, http://links.lww.com/JS9/D50. The RNA sequencing
data analysis and bioinformatic analysis were detailed in sup-
plement material Appendix S1, Supplemental Digital Content 2,
http://links.lww.com/JS9/D50. A total of 1316 annotated genes
were identified in the RNA-seq data analysis by their association
with the imaging-based model, including 875 up-regulated genes
and 441 down-regulated genes (Fig. 5A). Enrichment analysis
revealed that differentially expressed genes were mainly involved
in the immune-regulating signal transduction, such as antigen
processing and presentation, inflammatory mediator regulation
of TRP channels, and the TGF-β signaling pathway (Fig. 5B, C).

Discussion

Adjuvant HAIC therapy has been previously shown to confer a
survival benefit in MVI-positive HCC patients. However, being a
highly heterogeneous tumor, relying solely on MVI as the cri-
terion for patient selection of adjuvant HAIC treatment was
deemed inappropriate. In this large multicenter cohort study, we
demonstrated the prognostic model based on four independent
imaging features could help to effectively discriminate patients
with MVI, thereby providing additional insights for optimizing
the treatment strategy of adjuvant HAIC therapy. Besides, our
findings based on RNA-seq data analysis uncovered that differ-
entially expressed genes were found to commonly be involved in
inflammatory response regulation, and immune regulation.

Due to the extremely high recurrence rate, effective and well-
tolerated adjuvant treatment strategies for HCC are urgently
needed[5]. Previous studies investigated potential options, such as
interferon[16], stereotactic body radiotherapy[17], systemic
chemotherapy[18], and target therapy like sorafenib[19], which
have yielded inconclusive results in terms of both efficacy and
safety. In recent years, immune checkpoint blockade has shown
remarkable efficacy inHCC, leading to the exploration of various
immunotherapy-based approaches in the adjuvant setting[20].
The preliminary findings of IMbrave050 have demonstrated that
adjuvant treatment with atezolizumab plus bevacizumab (A+T)
significantly improves the RFS in patients at high risk of disease
recurrence following curative resection or ablation[21]. However,
the prolonged treatment duration, the significant financial burden
as well as the potential adverse effect associated with A+T pose a
substantial challenge in the clinical management of HCC.
Additionally, intrahepatic recurrence occurs more frequently due
to intrahepatic dissemination or micro-metastases of the primary
cancer cell, and it is widely acknowledged that the presence of

Table 2
Univariate and multivariate analyses of preoperative imaging
findings in predicting recurrence.

Characteristic

Univariate analysis Multivariate analysis

Hazard ratio P Hazard ratio P

Sex 0.57 (0.35–0.90) 0.017 0.63 (0.39, 1.02) 0.058
Age (> 50 vs.
≤ 50 years)

0.76 (0.58–0.98) 0.037 0.77 (0.59, 1.00) 0.050

Location 1.23 (0.73–2.06) 0.432
Number 1.19 (0.77–1.84) 0.433
Maximum tumor diameter
(mm)

1.01 (1.003–1.01) < 0.001 1.00 (0.99, 1.00) 0.132

Density 1.11 (0.87–1.43) 0.404
AP enhancement type 0.78 (0.38–1.6) 0.498
Nonperipheral washout 1.31 (0.78–2.22) 0.306
Capsule appearance 0.75 (0.52–1.09) 0.132
Satellite nodules 1.79 (1.35–2.37) < 0.001 1.38 (0.72, 2.67) 0.331
Tumor margin 3.05 (1.7–5.45) < 0.001 1.47 (0.81, 2.67) 0.201

1.34 (0.71, 2.52) 0.367
1.18 (0.60, 2.34) 0.629

Internal or peripheral
artery

1.62 (1.27–2.07) < 0.001 1.22 (0.89, 1.67) 0.215

AP peritumoral
enhancement

3.20 (2.49–4.11) < 0.001 2.33 (1.76, 3.08) < 0.001

Intratumoral hemorrhage 1.04 (0.72–1.49) 0.846
Tumor necrosis
stratification

2.29 (1.76–2.98) < 0.001 1.72 (1.25, 2.36) 0.001

Boundary of the necrotic
area

2.35 (1.74–3.17) < 0.001 1.80 (1.30, 2.50) < 0.001
1.07 (0.85, 1.35) 0.560

AP enhancement degree 0.68 (0.52–0.90) 0.006 1.14 (0.83, 1.55) 0.424
Boundary of the tumor
enhancement

2.83 (2.18–3.67) < 0.001 2.09 (1.56, 2.80) < 0.001

AFP (ng/ml) 1.44 (1.13–1.84) 0.003 1.22 (0.94, 1.60) 0.136
ALB (g/l) 0.99 (0.97–1.02) 0.642
TBIL (μmol/l) 1.01 (1.00–1.02) 0.244
HBsAg 1.41 (0.96–2.06) 0.080
BCLC stage 2.51 (1.39–4.55) 0.002 0.98 (0.46, 2.10) 0.968

0.94 (0.60, 1.46) 0.777
Cirrhosis 1.08 (0.84–1.38) 0.561

AFP, alpha-fetoprotein level; ALB, albumin; AP, arterial phase; BCLC, Barcelona Clinic Liver Cancer;
TBIL, total bilirubin.
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MVI significantly contributes to the risk of recurrence[22,23].
Thus, our previous study demonstrated that HCC patients con-
firmed with MVI-positive after curative resection can derive a
survival benefit from adjuvant HAIC treatment. Local adjuvant

therapy through continuous infusion of FOLFOX drugs could
ensure adequate local drug concentration in the liver, thereby
eradicating micro-metastases. However, MVI-positive HCC
patients are also a highly heterogeneous group[8,24], and there

Figure 2. Schematic drawing and nomogram of the prognostic model for recurrence-free survival. Schematic drawings and images of additional features of
hepatocellular carcinoma on computed tomography (CT)/magnetic resonance (MR) (A). Nomogram for recurrence-free survival of hepatocellular carcinoma
patients with microvascular invasion undergoing curative resection (B). AP, arterial phase; PVP, portal venous phase.

Figure 3. Assessment of the model for the ability to predict recurrence. Areas under the receiver operating characteristic curve (AUROC) for the (A) training cohort
(n=470), (B) control cohort (n=145), and (C) adjuvant HAIC cohort (n=143). AUROCs are reported with 95% CI in parentheses. Time-dependent area under the
receiver operating characteristic curve (tdAUROC) value over time of the model for the (D) training cohort, (E) control cohort, and (F) adjuvant HAIC cohort. HAIC,
hepatic arterial infusion chemotherapy. RFS, recurrence-free survival.
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exists a subset of individuals who do not derive significant benefit
from adjuvant HAIC treatment, particularly given the underlying
liver disease present in almost all patients. Therefore, it is
imperative to identify MVI-positive patients who exhibit no
response to adjuvant HAIC treatment and to perform further risk
stratification for them.

Preoperative radiographic examination is an indispensable
part of clinical practice. Over the past decade, its significance has
rapidly evolved from being a primary diagnostic tool to assuming
a predominant position in personalized treatment scenarios[25].
HCC patients exhibit distinct microscopic molecular subtypes,
which may contribute to diverse pathological presentations and
consequently result in varied tumor imaging characteristics[26–28].
By integrating four imaging features, namely arterial phase

peritumoral enhancement, boundary of the tumor enhancement,
tumor necrosis stratification, and boundary of the necrotic area,
this study successfully categorized HCC patients with MVI-
positive in terms of RFS and further stratified those who received
adjuvant HAIC treatment into two distinct groups, in which
those who were classified as the high-risk group suffer similar
RFS with those who just received active routine follow-up after
curative resection (median RFS, 11.46 vs. 11.16 months,
P= 0.61). Thus, additional evaluation of the imaging features is
an inexpensive, readily available, simplified approach in clinical
practice, serving the purpose of highlighting the heterogeneity of
MIV-positive HCC patients and providing more comprehensive
prognostic information for those undergoing adjuvant HAIC
treatment after curative resection.

Figure 4.Performance of the nomogram for prognosis prediction in the different cohorts. Kaplan–Meier recurrence-free survival curves (RFS) of different risk groups
in (A) training cohort, (B) control cohort, and (C) adjuvant HAIC cohort for the entire follow-up period since curative hepatic resection. Kaplan–Meier RFS curves
between the adjuvant HAIC risk groups and control cohort (D). HAIC, hepatic arterial infusion chemotherapy.
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The elucidation of the biological significance underlying the
patterns observed in the imaging-based model remains a for-
midable scientific challenge. Gene enrichment analysis conducted
in this study revealed that differentially expressed genes between
the high-risk and low-risk groups were commonly associated
with immune-regulating signal transduction pathways. The
extent of necrosis serves as an indicator for both tumor hypoxia
and the invasive growth pattern[29], while the formation and
alteration of tumor microvessels and necrosis can directly induce
hemodynamic changes and infiltration of macrophages[30].
Additionally, the boundary between malignant cells in the out-
ermost circle of HCC and surrounding non-malignant cells is
associated with hypoxia, regulation of inflammatory mediators,
and immune evasion[31]. Notably, the transforming growth fac-
tor β (TGF-β) signaling pathway also plays a crucial role in pro-
moting tumor metastasis, immune evasion of tumor cells, and

angiogenesis during malignancy progression[32]. Specifically,
TGF-β stimulates blood vessel formation, leading to the devel-
opment of fragile tumor microvessels that are prone to hypoxia
and necrosis. Therefore, it is plausible that the regulation of
inflammatory response and immune signaling pathways within
the tumor microenvironment are linked to infiltrative growth
patterns as reflected by radiological features.

Our study had certain limitations. Firstly, the retrospective
cohort used for training in our study may introduce inherent
biases. Secondly, a majority of the enrolled patients exhibited
hepatitis B virus infection. Therefore, further validation is
required before applying the model to HCC patients from dif-
ferent ethnic groups and hepatitis backgrounds. In addition, we
exclusively employed qualitative image data in this study and
intend to investigate the potential role of quantitative data such as
radiomics or deep learning in the future. Due to the retrospective

Figure 5. RNA-seq data analysis associated with the prognostic model. (A) The volcano plot shows the differentially expressed genes in the low-risk group
compared with the high-risk group. (B) The bubble plots show the results of the analysis when using Gene Ontology (GO) between the low-risk group and the high-
risk group. (C) The bar diagram of Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis shows representative pathway names on the y-axis and the
percentage of differentially expressed genes between the low-risk group and high-risk group in that pathway on the x-axis.
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study with a limited sample size and tissue samples, it is inevitable
that deviation in RNA-seq analysis will occur in the analysis
results. In addition, there are deficiencies for those with MVI-
negative, as well as other pathological indicators, which were not
included in our study. In the follow-up study, we will increase the
sample size and conduct a prospective study to further verify the
results and explore the comparison with multiple pathological
factors and imaging parameters.

In conclusion, we have developed a novel imaging-based
model to depict the heterogeneity of MVI-positive HCC patients,
thereby facilitating the identification of patients who would
potentially derive benefit from adjuvant HAIC treatment.
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