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Background: Postoperative early recurrence (ER) poses a major threat to long-
term survival in hepatocellular carcinoma (HCC), especially in patients with
microvascular invasion (MVI). Although conventional staging systems provide
prognostic guidance, they are often inadequate for capturing recurrence risk in
this high-risk subgroup. To develop and validate a CART-based prognostic
model tailored to ER risk stratification and assessment of long-term outcomes
following curative hepatectomy in MVI-positive HCC.

Methods: A retrospective cohort of 440 patients with histologically confirmed
HCC and MVI who underwent curative resection was analyzed. ER-associated
predictors were identified via multivariable Cox regression and used to construct
a classification and regression tree (CART) algorithm. Model discrimination,
calibration, and clinical utility were evaluated using time-dependent ROC
curves and decision curve analysis. Predictive performance for recurrence-free
survival (RFS) and overall survival (OS) was compared against established
staging systems.

Results: Eight independent factors predictive of ER were identified: HBV-DNA
load, tumor size, Edmondson-Steiner grade, tumor capsule integrity, MVI
classification, satellite nodules, Ki-67 index, and CK19 expression. The CART
model demonstrated robust discriminative ability (C-statistic: 0.773 in training;
0.764 in validation), and consistently outperformed conventional staging
systems. Furthermore, CART-defined risk strata were significantly associated
with both RFS and OS (P < 0.001).
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Conclusions: This CART-based framework provides a transparent and clinically
implementable tool for ER risk stratification in MVI-positive HCC. By
outperforming existing staging algorithms, it offers a basis for individualized
surveillance and postoperative management.

hepatocellular carcinoma, hepatectomy, microvascular invasion, classification and
regression tree, early recurrence, recurrence-free survival, overall survival

Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent
and lethal malignancies worldwide, accounting for a major share of
cancer-related mortality (1-3). Although advances in surgical
techniques and perioperative management have improved
procedural safety, long-term outcomes following curative liver
resection remain unsatisfactory. Up to 70% of patients experience
tumor recurrence within five years after surgery (4), underscoring
the need for more accurate and individualized risk stratification
strategies—particularly for predicting early postoperative relapse,
where robust prognostic tools are still lacking.

Among histopathological features, microvascular invasion
(MVI) has emerged as one of the strongest and most consistent
predictors of early recurrence and reduced survival. MVI is
histologically defined as the presence of tumor emboli within
endothelial-lined vascular spaces in the peritumoral liver
parenchyma. Its presence reflects an aggressive tumor phenotype
characterized by intrahepatic micrometastasis and vascular
dissemination (5). However, MVI cannot be reliably detected
preoperatively via current imaging modalities and is typically
confirmed only through postoperative pathological examination
(6). Consequently, despite its high prognostic value, MVI remains
underrepresented in conventional staging systems—highlighting
the urgent need to integrate biologically driven markers into
recurrence prediction models (7, 8).Even among patients
undergoing liver transplantation or early-stage HCC, the presence
of MVI is associated with poorer outcomes (9).

Postoperative recurrence in HCC is commonly categorized into
two biologically distinct subtypes based on timing and clonal origin:
early recurrence (ER), defined as relapse within two years post-

Abbreviations: HCC, hepatocellular carcinoma; MVI, microvascular invasion;
CART, classification and regression tree; ER, early recurrence; RFS, recurrence-
free survival; OS, overall survival; HBV-DNA, hepatitis B virus deoxyribonucleic
acid; AFP, alpha-fetoprotein; ES, Edmondson-Steiner; CNLC, China Liver
Cancer; TNM, 7th edition of TNM/AJCC; BCLC, Barcelona Clinic Liver
Cancer; JIS, Japan Integrated Staging; CLIP, Cancer of the Liver Italian
Program; ROC, receiver operating characteristic curve; t-ROC, time-dependent
receiver operating characteristic; AUC, area under the t-ROC curve; DCA,

decision curve analysis; CI, confidence interval.
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surgery, and late recurrence (LR), occurring thereafter. ER is
believed to result from intrahepatic micrometastases disseminated
before or during surgery, representing a monoclonal expansion of
the primary tumor (10, 11). In contrast, LR typically arises via
polyclonal de novo tumorigenesis against a background of cirrhosis
or chronic inflammation (10). Clinically, ER is associated with more
aggressive tumor behavior, limited salvage options, and
substantially poorer survival (12). Its temporal proximity to
surgery renders ER a clinically actionable window, wherein timely
and accurate risk identification may enable early intervention and
tailored postoperative surveillance. ER rates in MVI-positive HCC
patients have been reported to exceed 76.7%, with a median
recurrence-free survival less than 12 months (13). Despite this, no
universally accepted risk classification system currently exists for
ER in this population (13).

Although widely used in clinical practice, staging systems such
as the Barcelona Clinic Liver Cancer (BCLC), tumor-node-
metastasis (TNM), China Liver Cancer (CNLC) and other
classifications were originally designed to guide treatment
allocation and predict overall survival (14-20). However, their
ability to stratify ER risk—particularly in patients with MVI—
remains limited. These systems are typically built on linear
assumptions and fixed variable hierarchies, which inadequately
capture the nonlinear and multifactorial biological processes that
drive early relapse. Their suboptimal performance in this context
has been corroborated by multiple retrospective validations. In
response to these limitations, machine learning-based tools have
emerged as promising alternatives for individualized risk prediction
in oncology. Among these, classification and regression tree
(CART) models offer interpretable, rule-based decision
frameworks capable of capturing complex interactions and
hierarchical variable importance through recursive partitioning
(21, 22). Unlike black-box algorithms, CART is transparent and
highly adaptable to clinical settings, making it particularly suitable
for bedside risk stratification in heterogeneous HCC populations.

In this study, we developed and validated a CART-based
prognostic model to stratify early recurrence risk in HCC patients
with histologically confirmed MVI following curative hepatectomy.
We further compared its predictive performance against
conventional staging systems and evaluated its association with
recurrence-free survival (RFS) and overall survival (OS). By
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identifying patients at elevated risk of early relapse, the model aims
to inform risk-adapted surveillance protocols, guide adjuvant
therapy planning, and ultimately improve outcomes in this
biologically aggressive subset of HCC.

Methods
Patient selection

This retrospective cohort study included patients with
hepatocellular carcinoma (HCC) who underwent curative-intent
hepatic resection at Guangxi Medical University Cancer Hospital
between September 2013 and June 2019. Patients were eligible if
they met the following criteria: i) good preoperative hepatic
function background; ii) initial hepatectomy with therapeutic
intent; and iii) postoperative pathological diagnosis confirmed as
HCC complicated with MVI. The exclusion criteria were: 1)
preoperative received any antitumor therapy; ii) preoperative
tumor infiltration of portal veins, hepatic veins or adjacent
organs; iii) other malignancies simultaneously; iv) postoperative
hospital death; and v) incomplete clinical data. Ultimately, a total of
440 eligible patients were identified. The cohort was randomly split
into a training set (n = 329) and a validation set (n = 111) using a 3:1
allocation ratio (Supplementary Figure 1). The study protocol was
approved by the Institutional Review Board of Guangxi Medical
University Cancer Hospital (Approval Number: KY2025644) and
complied with the Declaration of Helsinki.

Definition and classification of
microvascular invasion

MVI was defined as the presence of tumor emboli within
vascular spaces lined by endothelial cells, as confirmed by
microscopic histopathology (6). The classification system for MVI
was based on prior studies and defined as follows: M0, indicating no
microvascular invasion; M1 (low-risk), defined as <5 microvascular
invasion sites located within 1 cm of the tumor margin; and M2
(high-risk), defined as >5 sites or any site located more than 1 cm
from the tumor margin. The number of MVT foci was determined
by reviewing all available histological sections, and the distance was
measured as the shortest path from the tumor edge to the nearest
MVI focus (6).

Staging system classification

All included cases were staged by: China Liver Cancer (CNLC)
staging (14); 7th edition of TNM/AJCC (TNM) staging (15);
Barcelona Clinic Liver Cancer (BCLC) staging system (16);
French staging (17); Okuda staging (18); Japan Integrated Staging
(JIS) (19); and Cancer of the Liver Italian Program (CLIP)
staging (20).
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Hepatectomy and follow-up

Hepatectomy was carried out based on preoperative imaging
that showed complete resectability of all tumors within the liver’s
functional capacity. Further information and criteria for liver
resection can be found in our previous research.

Patients were followed up using a similar approach as outlined in
our previous study (11). In cases of recurrence during the follow-up
period, patients were treated with optimal therapeutic methods,
including hepatic artery infusion chemotherapy, transcatheter arterial
chemoembolization, systemic chemotherapy, targeted therapy,
radiofrequency ablation, and secondary hepatectomy. ER was defined
as recurrence within 2 years following hepatectomy (11, 13). RFS was
measured from the date of the surgery to the date of tumor recurrence.
OS was defined as the time between operation and death (23).

Establishment of a CART strategy

To identify independent prognostic variables associated with
early recurrence (ER), a two-step analytical approach was adopted.
First, univariate Cox regression analysis was performed to evaluate
the association between each candidate variable and ER. Variables
with a significance level of P < 0.05 were considered statistically
significant and were subsequently included in the multivariate
analysis. In the second step, multivariate Cox regression analysis
was conducted using these significant variables to identify
independent prognostic factors for ER.

Subsequently, a CART model was developed based on the
results derived from the multivariate Cox regression analysis.
CART is a machine learning technique that uses recursive
partitioning to create a decision tree for predicting categorical or
continuous outcomes. It works by repeatedly splitting the data into
subsets based on predictor variables that maximize homogeneity in
the outcome within each resulting subgroup (24, 25). This approach
allows the identification of specific combinations of prognostic
indicators that are most predictive of ER.

The CART model was implemented using the Classification
Decision Tree module in SPSS version 26.0 (IBM Corp., Armonk,
NY). This method facilitates the development of a structured, easy-
to-interpret decision tree that captures nonlinear relationships and
interaction effects among predictors, thereby offering a clinically
useful tool for risk stratification.

Statistical analysis

Continuous data were showed as either mean (s.d.) or median
(IQR 25-75) and compared using the Student’s t test or Mann-
Whitney U test. Categorical data were showed as number and
proportion and compared using the y test.

The discriminatory predictive performances and clinical
practicability of the CART strategy and others commonly used
staging systems were calculated using time-dependent receiver
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operating characteristic (t-ROC) curves and decision curve analyses
(DCA), respectively. The prediction consistency of CART model was
assessed using calibration plots. To confirm the optimal cut-off value
for assessing ER risk, X-tile software was used for clinical decision-
making. Based on this, all cases were classified as low-, mediate-, and
high-risk subgroups. The RFS and OS curves were assessed via the
Kaplan-Meier method and compared using the log-rank test.

All statistical analyses were carried out using SPSS (v25.0). All
tests were two-tailed, and statistical significance were considered for
P-values < 0.05.

Results
Patients’ characteristics

A total of 440 patients with HCC and MVI who underwent
curative-intent liver resection were included in the study. The
cohort comprised 384 men and 56 women. Although liver
function was preserved in all patients, 383 (87.0%) were hepatitis
B virus (HBV)-positive, 224 (50.9%) exhibited elevated HBV-DNA
levels, and 218 (49.5%) had underlying cirrhosis.

Regarding tumor burden, 282 patients (64.1%) had larger tumor
sizes and 104 (23.6%) presented with multiple tumors. In terms of
pathological features, 58.4% exhibited Edmondson-Steiner (ES)
grade IIT or IV, 51.4% had incomplete tumor capsule formation,
59.1% showed tumor necrosis, 12.7% had satellite nodules, 25.2%
demonstrated high p53 mutation rates, and 63.0% exhibited a high
Ki-67 proliferation index. The optimal cut-off values for p53
mutation rate and Ki-67 index were determined using X-tile
software (Supplementary Figure 2).

Baseline clinical staging according to various systems is detailed in
Supplementary Table 1. Based on MVI classification, 329 patients
(74.8%) were categorized into the low-risk group (Ml), and 111
(25.2%) into the high-risk group (M2). Significant differences
between the two groups were observed in several clinicopathologic
variables, including HBV-DNA load, prealbumin (PA), aspartate
aminotransferase (AST), tumor size, tumor number, ES grade,
presence of satellite nodules, tumor necrosis, and Ki-67 index
(Table 1). Differences in BCLC and TNM staging distributions were
also noted (Supplementary Table 1).

Patients were randomly allocated to the training cohort (n=332)
and the validation cohort (n=108) in a 3:1 ratio. No significant
differences in baseline characteristics were observed between the
two cohorts (Table 2; P > 0.05 for all variables). Clinical staging
distributions for both cohorts are shown in Supplementary Table 2.

Independent risk factors of ER

Among the entire cohort, 222 patients (50.4%) developed ER:
190 had intrahepatic recurrence, 10 had extrahepatic recurrence,
and 22 had concurrent intra- and extrahepatic recurrence.
ER occurred in 170 of 332 patients (51.2%) in the training cohort
and in 52 of 108 patients (48.1%) in the validation cohort.
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TABLE 1 Clinicopathological features of included patients between low
and high risk of MVI.

Variables ML M2 i
(n=329) (n=111) value
Age, years 51 +11 51 11 51+ 11 0.916
Sex 0.774
Male 384 (87.3) 288 (87.5) 96 (86.5)
Female 56 (12.7) 41 (12.5) 15 (13.5)
Positive HBsAg = 383 (87.0) 286 (86.9) 97 (87.4) 0.901
HBV-DNA,
IU/mL 0021
< 2000 216 (49.1) 172 (52.3) 44 (39.6)
> 2000 224 (50.9) 157 (47.7) 67 (60.4)
TBil, pmol/L i;:;*)(lo'l’ i;g)(”’ ij:g)“‘”’ 0427
T
2 .6, 40. .6, . .6,
wro o oo ows
o e e o,
Crouman 00N 000G O
12.8 (12.1, 12.7 (12.1, 12.8 (12.0,
PL.s 13.7)( 13.7)( 13.6)( 0-983
Child-Pugh 5(5,5) 5(5,5) 5(5,5) 0.591
MELD 5(3,7) 5(3,7) 5(3,7) 0.716
-2.57 (-2.90, -2.64 (-2.93, -2.48 (-2.79,
ALBI -2.36)( —2.34)( -2.36)( 0058
AFP, ng/mL 0.537
< 400 241 (54.8) 183 (55.6) 58 (52.3)
> 400 199 (45.2) 146 (44.4) 53 (47.7)
Ascites 41 (9.3) 32 (9.7) 9 (8.1) 0.612
CSPH 31 (7.0) 21 (6.4) 10 (9.0) 0.350
Cirrhosis 218 (49.5) 164 (49.8) 54 (48.6) 0.827
Tumor size, cm 0.043
<5 158 (35.9) 127 (38.6) 31 (27.9)
>5 282 (64.1) 202 (61.4) 80 (72.1)
Tumor number 0.012
Single 336 (76.4) 261 (79.3) 75(67.6)
Multiple 104 (23.6) 68 (20.7) 36 (32.4)
ES grade 0.003
Torll 183 (41.6) 150 (45.6) 33 (29.7)
(Continued)
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TABLE 1 Continued TABLE 2 Clinicopathological features of the training cohort and
validation cohort.

. M1 M2 P
Variables - m
(h=329) (n=111) value Variables Training cohort  Validation P
(n=332) cohort (n=108) value
11 or IV 257 (58.4) 179 (54.4) 78 (70.3)
Age, years 50 + 11 53+ 10 0.132
Tumor capsule 0.663
Sex 0.361
Complete 214 (48.6) 162 (49.2) 52 (46.8)
Male 287 (86.4) 97 (89.8)
Incomplete 226 (51.4) 167 (50.8) 59 (53.2)
Female 45 (13.6) 11 (10.2)
Satellite
56 (12.7) 30 (9.1) 26 (23.4) <0.001 -~
nodules Positive 288 (86.7) 95 (88.0) 0.744
HBsAg ’ ’ :
Tumor necrosis | 260 (59.1) 182 (55.3) 78 (70.3) 0.006
HBV-DNA, 0.504
p53 mutation 0077 IU/mL -
rate
< 2000 166 (50.0) 50 (46.3)
Low 329 (74.8) 253 (76.9) 76 (68.5)
> 2000 166 (50.0) 58 (53.7)
High 111 (25.2) 76 (23.1) 35 (31.5)
TBil, pmol/L 13.6 (10.2, 17.7) 12.9 (9.7, 17.3) 0.113
Ki67 positive 0.004
index ’ PA, mg/L 182.0 (147.3, 220.8) 183.0 (139.0, 230.3) 0.383
Low 163 (37.0) 133 (40.4) 28 (25.2) ALB, g/L 39.1 (36.5, 42.6) 39.2 (36.8, 41.8) 0.783
High 277 (63.0) 196 (59.6) 83 (74.8) ALT, U/L 33.5 (23.0, 46.0) 35.0 (26.0, 54.0) 0.337
Positive CKI9 101 (23.0) 80 (24.3) 29 (26.1) 0.702 AST, U/L 35.5 (29.0, 50.0) 347.0 (30.0, 61.0) 0.168
Resection 0,922 CR, pmol/L 78.0 (70.0, 88.0) 78.0 (68.0, 85.0) 0.944
margin, cm '
PT, s 12.8 (12.0, 13.7) 12,6 (12.1, 13.8) 0.877

<1 366 (83.2) 274 (83.3) 92 (83.9)

Child-Pugh 5 (5, 5) 5 (5, 6) 0.840

>1 74 (16.8) 55 (16.7) 19 (17.1)

MELD 5(3,7) 4(3,7) 0.291
Operation 190 (155, 190 (150,
time, min 190 (150,225) ) 223) 0.534 ALBI -2.57 (-2.91, -2.35) -2.58 (-2.88, -2.42) 0.880
Blood loss, mL 0.618 AFP, ng/mL 0.973

< 400 321 (73.0) 238 (72.3) 83 (74.8) <400 182 (54.8) 59 (54.6)

> 400 119 (27.0) 91 (27.7) 28 (25.2) 2 400 150 (45.2) 49 (45.4)

Blood Ascites 29 (8.7) 12 (11.1) 0.461
transfusi 56 (12.7) 40 (12.2) 16 (14.4) 0.537
ransrusion
CSPH 22 (6.6) 9 (8.3) 0.547
Data are median (IQR 25-75) unless otherwise indicated. ) )
HCC, hepatocellular carcinoma; HBsAg hepatitis B surface antigen; HBV-DNA hepatitis B Cirrhosis 163 (49.1) 55 (50.9) 0.741
virus DNA load; T-Bil, total bilirubin; PA, prealbumin; ALB, albumin; ALT, alanine )
transaminase; AST, aspartic aminotransferase; CR, creatinine; PT, prothrombin time; Tumor size, 0.778
MELD, model for end-stage liver disease; ALBI, albumin-bilirubin; AFP, o-fetoprotein; cm
CSPH, clinically significant portal hypertension; ES, Edmondson-Steiner; MVT, microvascular
invasion; CK19, cytokeratin 19. <5 118 (35.5) 40 (37.0)
>5 214 (64.5) 68 (63.0)

In the training cohort, univariate Cox regression identified Tumor vsio
several factors significantly associated with ER, including HBV- number )
DNA load, alpha-fetoprotein (AFP) level, tumor size, ES grade, Single 256 (77.1) 80 (74.1)
satellite nodules, tumor capsule status, MVI classification, p53
mutation rate, Ki-67 index, CK19 expression, and intraoperative Multiple 76 (229) 28 (259)
blood loss (Table 3; all P < 0.05). ES grade 0.253

Multivariate Cox regression analysis further identified HBV- Lorl 133 (40.1) 50 (46.3)

DNA load, tumor size, ES grade, incomplete tumor capsule, MVI

classification, presence of satellite nodules, Ki-67 index, and positive flor IV 199 (399) 58 (537)

CK19 expression as independent predictors of ER (Table 3; P < 0.05 Tumor 0221
for all). The RES curves stratified by these risk factors are presented capsule

in Supplementary Figure 3. (Continued)
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TABLE 2 Continued

. Training cohort  Validation P
Variables
(n=332) cohort (n=108) value
Complete 167 (50.3) 47 (43.5)
Incomplete 165 (49.7) 61 (56.5)
MVI grade 0.053
M1 243 (73.2) 89 (82.4)
M2 89 (26.8) 19 (17.6)
Satellite
41 (12.3) 15 (13.9) 0.677
nodules
Tumor
. 192 (57.8) 68 (63.0) 0.346
necrosis
P53 mutation 0.655
rate
Low 250 (75.3) 79 (73.1)
High 82 (24.7) 29 (26.9)
: 167 positive 0.108
index
Low 130 (39.2) 33 (30.6)
High 202 (60.8) 75 (69.4)
Positive CK19 74 (22.3) 27 (25.0) 0.561
Resection
. 0.084
margin, cm
<1 282 (84.9) 84 (77.8)
>1 50 (15.1) 24 (22.2)
Operation
. . 190 (150, 221) 190 (160, 235) 0.673
time, min
Blood loss,
0.424
mL
< 400 239 (72.0) 82 (75.9)
> 400 93 (28.0) 26 (24.1)
Blood
. 43 (13.0) 13 (12.0) 0.804
transfusion

Data are median (IQR 25-75) unless otherwise indicated.

HCC, hepatocellular carcinoma; HBsAg hepatitis B surface antigen; HBV-DNA hepatitis B
virus DNA load; T-Bil, total bilirubin; PA, prealbumin; ALB, albumin; ALT, alanine
transaminase; AST, aspartic aminotransferase; CR, creatinine; PT, prothrombin time;
MELD, model for end-stage liver disease; ALBI, albumin-bilirubin; AFP, o-fetoprotein;
CSPH, clinically significant portal hypertension; ES, Edmondson-Steiner; MVI,
microvascular invasion; CK19, cytokeratin 19.

Construction and validation of the CART
Model

The eight independent prognostic factors identified for ER were
incorporated into a CART model. The resulting decision tree is
illustrated in Figure 1A. MVI classification served as the first node,
followed by tumor size, Ki-67 index, and other variables, allowing
stratification of patients into distinct ER risk subgroups.

The C-statistic for the CART model in predicting ER was 0.773
(95% confidence interval [CI]: 0.724-0.822) in the training cohort,
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with calibration plots demonstrating good agreement between
predicted and observed outcomes (Figure 1B). In the validation
cohort, the C-statistic was 0.764 (95% CI: 0.674-0.854), and
calibration analysis similarly indicated good model fit (Figure 1C).

Comparison of CART and conventional
staging systems in predicting ER

The discriminatory ability and clinical utility of the CART
model were compared with traditional staging systems. As shown
in Figure 2A, in the training cohort, the area under the curve (AUC)
of the CART model (0.773) was significantly higher than those of
the BCLC, TNM, CNLC, French, Okuda, CLIP, and JIS staging
systems (AUC range: 0.503-0.600; all P < 0.05). Similar findings
were observed in the validation cohort (Figure 2B).

Decision curve analysis (DCA) further demonstrated that the
CART model provided superior net benefit across a wide range of
threshold probabilities compared with conventional staging systems
(Figures 2C, D). Detailed AUC values are provided in
Supplementary Table 3.

Performance of CART in predicting RFS
and OS

In the training and validation cohorts, the median follow-up
duration for RFS was 10.0 (interquartile range [IQR]: 3-24) and
11.5 (IQR: 3-30) months, respectively. Recurrence occurred in 195
(58.7%) and 55 (50.9%) patients, respectively. The 1-, 2-, and 3-year
RES rates were 49.9%, 34.6%, and 27.2% in the training cohort, and
48.7%, 36.9%, and 33.4% in the validation cohort (P > 0.05 for
all comparisons).

The CART model achieved consistently higher AUC values at
1-, 2-, and 3-year time points compared to other staging systems in
both cohorts (Figures 3A, B). Corresponding AUC values are
detailed in Supplementary Table 4.

The median follow-up for OS was 40 (IQR: 12-60) months in
the training cohort and 37 (IQR: 12-59) months in the validation
cohort. Mortality was observed in 117 (35.2%) and 44 (40.7%)
patients, respectively. The 1-, 2-, and 3-year OS rates were 80.0%,
69.1%, and 60.6% in the training cohort, and 71.0%, 62.0%, and
50.9% in the validation cohort (P > 0.05 for all comparisons).

The CART model consistently outperformed conventional staging
systems in OS prediction at all time points (Figures 3C, D). AUC
results for OS prediction are provided in Supplementary Table 5.

Performance of CART strategy in stratifying
Risk

Patients were stratified into three risk groups based on ER
probabilities derived from the CART model: low risk (<0.50),
intermediate risk (0.50-0.82), and high risk (20.82), as
determined by X-tile analysis (Supplementary Figure 4).
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TABLE 3 Univariable and multivariate Cox-regression analyses of
prognostic factors affecting early recurrence in HCC patients with MVI
after curative hepatectomy in the training cohort.

Univariable Cox

Multivariable Cox

regression regression
Variables
HR P HR P
(95%Cl)  value  (95%Cl)  value
0.992 (0.978,
Age, years 0.269
1.006)
1.189 (0.746,
Mal 4
ale Sex 1.896) 0.468
1.626 (0.957,
Positive HBsAg 626 (0957 0.073
2.763)
HBV-DNA > 2000 1.645 (1.209, 1.444 (1.042,
0.002 0.027
1U/mL 2.239) 2.001)
1.083 (0.858,
Child-P 0.503
ild-Pugh 1366)
MELD 1.009 (0.967, 0.684
1.052)
1.0 .835,
ALBI % (0.835 0.510
1.438)
1.390 (1.029, 1.018 (0.731,
AFP > 400 ng/mL 0.032 0.916
1.878) 1.418)
R 0.902 (0.522,
Ascites 0.711
1.559)
1.353 (0.796,
PH .264
CS! 2.298) 0.26
0.992 (0.734,
irrhosi .957
Cirrhosis 1.340) 0.95
) 1.735 (1.239, 1.568 (1.094,
Tumor size > 5 cm 0.001 0.014
2.430) 2.247)
Multiple tumor 1.089 (0.759,
0.644
number 1.562)
1.841 (1.332, 1.440 (1.024,
ES de I1I or IV <0.001 0.036
(grade IMLor IV) ) (46) 2.026)
T It 1. 1.147, 1. 1.109,
.umor capsule 553 ( 7 0.004 533 (1.109 0.010
(incomplete) 2.102) 2.119)
1.898 (1.386, 1.420 (1.017,
MVI grade (M2) <0.001 0.040
2.599) 1.984)
1.988 (1.352, 1.617 (1.071,
Satellite nodules ( <0.001 ( 0.022
2.922) 2.439)
1.330 (0.976,
Tumor necrosis ( 0.071
1.812)
Hi i 1.546 (1.109, 1.04 712,
igh p53 mutation 546 (1.109 0.010 045 (0.7 0.822
rate 2.155) 1.533)
High Ki67 positive 1.778 (1.284, 1.422 (1.008,
X 0.001 0.045
index 2.461) 2.006)
1.774 (1.275, 1.423 (1.010,
Positive CK19 ( 0.001 ( 0.047
2.470) 2.011)
Resection margin > 1 1.228 (0.802,
0.345
cm 1.879)
(Continued)
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TABLE 3 Continued

Multivariable Cox

Univariable Cox

regression regression
Variables
HR P HR P
(95%Cl)  value (95%Cl)  value
- ) 1.001 (0.998,
Operation time, min 1.003) 0.525
Blood loss > 400 mL 1.407 (1.023, 0.036 1.168 (0.822, 0.386
1.935) 1.658)
Blood transfusion 1.380 (0.889, 0.151
2.144)

HCC, hepatocellular carcinoma; HBsAg hepatitis B surface antigen; HBV-DNA hepatitis B
virus DNA load; MELD, model for end-stage liver disease; ALBI, albumin-bilirubin; AFP, o.-
fetoprotein; CSPH, clinically significant portal hypertension; ES, Edmondson-Steiner; MV,
microvascular invasion; CK19, cytokeratin 19.

Significant differences in ER incidence were observed among
the three risk groups in both the training and validation cohorts
(Figures 4A, B; P < 0.001). Furthermore, stratified analysis revealed
significant differences in both RFS and OS among the three groups
(Figures 4C-F; P < 0.001 for all comparisons).

These findings confirm that the CART-based risk stratification
effectively discriminates patient outcomes following curative
hepatectomy for HCC with MVI.

Discussion

This study developed and validated a CART model for
predicting ER in patients with HCC and MVI who underwent
curative resection. Based on clinicopathological and molecular data
from 440 patients, the model integrated eight independent
predictors—including HBV-DNA load, tumor size, ES grade,
tumor capsule integrity, MVI classification, presence of satellite
nodules, Ki-67 index, and CK19 expression—and demonstrated
excellent discriminative ability (C-index = 0.773 in the training
cohort and 0.764 in the validation cohort) and calibration
performance. Compared with conventional staging systems such
as BCLC, TNM, and CNLC, the CART model achieved higher AUC
values and greater clinical net benefit in predicting ER, RES, and OS,
highlighting its utility for risk stratification in postoperative
HCC management.

From a mechanistic perspective, our findings further emphasize
the central role of MVI in HCC recurrence. MVI is not only a
morphological manifestation of tumor cell invasion into vascular
structures but also reflects underlying molecular alterations and
reprogramming of the tumor microenvironment (TME) (26). As
the primary splitting node in the model, MVT classification (M1 vs.
M2) directly illustrates the biological continuum between the extent
of invasion and early recurrence risk. High-risk MVI (M2) is often
associated with activation of epithelial-mesenchymal transition
(EMT), involving downregulation of E-cadherin and upregulation
of N-cadherin and vimentin, which enhances tumor cell migration
and invasiveness (27, 28). Furthermore, MVI-positive tumors
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FIGURE 1

Construction and calibration of the CART model for predicting early recurrence in HCC patients with MVI. (A) CART model for ER prediction after
curative hepatectomy. Terminal patient groups were numbered from 1 to 18. (B) Calibration plot for the training cohort. (C) Calibration plot for the
validation cohort. CART, classification and regression tree; ER, early recurrence; HCC, hepatocellular carcinoma; MVI, microvascular invasion; HBV-
DNA, hepatitis B virus DNA load; Ki-67, proliferation marker protein Ki-67; CK19, cytokeratin 19.

frequently exhibit vasculogenic mimicry and lymphatic infiltration
tendencies, providing a structural basis for the survival and
regeneration of minimal residual disease after surgery (29, 30).
Notably, patients with M2-type MVTI often presented with larger
tumor burden, higher Ki-67 proliferation index, and poorer
histological differentiation, suggesting a more aggressive biological
phenotype. These results are consistent with the clinical utility of
the MVI grading system proposed by Cong et al. (6) and underscore
the importance of standardizing MVI classification in
pathological reporting.

The liver maintains a uniquely tolerant immune environment,
constantly bathed in diverse foreign antigens due to its role as a
tolerogenic organ. However, under specific pathological conditions,
this state of tolerance can be broken, leading to pathological
inflammation and dysregulated immune responses (31, 32). This
dual immune role is closely associated with the development of
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HCC, MV, and ER. Chronic HBV infection remains a dominant
etiological factor for HCC, particularly in Asia (33). In our cohort,
87.0% of patients were HBV-positive. Elevated HBV-DNA load was
independently associated with increased ER risk, consistent with
prior studies (11, 34). Persistent viral replication may contribute to
microenvironmental changes favoring tumor recurrence. These
findings underscore the importance of stringent viral suppression
to reduce recurrence and improve survival in HBV-related HCC
patients. Tumor size is another critical determinant of prognosis (5,
35). Larger tumors often exhibit features such as microvascular
infiltration, an incomplete capsule, and satellite nodules, all of
which are associated with early dissemination. Our data confirm
that larger tumor is significantly associated with a higher risk of ER,
supporting the need for more aggressive postoperative surveillance
and consideration of adjuvant therapies in this subgroup. Other
pathological factors, including a higher ES grade, incomplete tumor
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Comparison of the CART model and conventional staging systems for predicting early recurrence. (A, B) Time-dependent ROC curves in the training
and validation cohorts, respectively. (C, D) DCA for the CART model and traditional staging systems in the training and validation cohorts. ER, early
recurrence; HCC, hepatocellular carcinoma; MVI, microvascular invasion; CART, classification and regression tree; BCLC, Barcelona Clinic Liver
Cancer; TNM, tumor-node-metastasis; CNLC, China Liver Cancer staging system; CLIP, Cancer of the Liver Italian Program; JIS, Japan Integrated
Staging; ROC, receiver operating characteristic; DCA, decision curve analysis.

capsule, presence of satellite nodules, and MVI subclassification,
further stratify recurrence risk (6, 11, 36). We adopted the MVI
grading system proposed by Cong et al. (6) due to its simplicity and
clinical applicability. High-risk MVI was associated with more
aggressive biological features and poorer outcomes, reinforcing its
prognostic relevance.

Regarding molecular markers, both Ki-67 and CK19 also
emerged as significant prognosticators. Ki-67, a nuclear protein
involved in cell proliferation (37), has been consistently associated
with poor outcomes in HCC (38, 39). Using X-tile analysis, we
identified an optimal threshold for Ki-67 positivity, and higher
expression correlated with unfavorable clinicopathological features
and worse survival. CK19, a marker of hepatic progenitor cells (40,
41), was similarly linked to aggressive tumor biology and adverse
prognosis, particularly in HBV-associated HCC (42). These results
suggest that incorporating molecular biomarkers into predictive
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models can significantly improve the accuracy of risk stratification
and reflect deeper immunobiological mechanisms underlying tumor
recurrence, including abnormal immune responses caused by
dysregulated antigen presentation mechanisms—observed not only
in neoplastic diseases but also in non-neoplastic liver conditions such
as autoimmune hepatitis (43, 44). Therefore, the predictive model
constructed in this study integrates not only clinical and pathological
features but also key immunological dimensions of recurrence
biology, providing a more comprehensive basis for individualized
prognostic assessment and treatment decision-making.

From a methodological standpoint, the advantage of the CART
model lies in its ability to capture complex interactions and
nonlinear relationships among predictive variables, making it
more aligned with real-world clinical decision-making scenarios.
For example, among patients with M1-type MVI, the model further
stratifies risk based on tumor size and Ki-67 index, identifying
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FIGURE 3

Time-dependent ROC analysis for recurrence-free survival and overall survival. (A, B) Time-dependent ROC curves for RFS in the training and
validation cohorts, respectively. (C, D) Time-dependent ROC curves for OS in the training and validation cohorts. RFS, recurrence-free survival; OS,
overall survival; HCC, hepatocellular carcinoma; MVI, microvascular invasion; CART, classification and regression tree; BCLC, Barcelona Clinic Liver
Cancer; TNM, tumor-node-metastasis; CNLC, China Liver Cancer staging system; CLIP, Cancer of the Liver Italian Program; JIS, Japan Integrated

Staging; ROC, receiver operating characteristic.

subgroups still at high risk of recurrence—suggesting that even with
less severe MVI, combined high proliferative activity and large
tumor burden should warrant vigilance for early recurrence. For
M2-type MVI patients, CK19 expression and satellite nodule status
further refine risk classification, demonstrating the importance of
multi-parameter integration in prognostic assessment.

This study develops a predictive model for ER following
curative HCC resection, addressing a distinct clinical challenge
that differs from initial diagnosis or general surveillance
paradigms. While established serum biomarkers (AFP and DCP)
remain indispensable for HCC surveillance and diagnosis per
international guidelines (2, 3, 45), their post-operative predictive
utility is constrained by variable sensitivity/specificity, particularly
when values normalize post-resection (46, 47). Our perioperative
CART model addresses this gap by complementing—rather than
replacing—existing biomarker monitoring and imaging protocols.
Designed for immediate surgical or post-operative risk
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stratification, the algorithm identifies high-risk patients before
conventional surveillance detects recurrence, enabling tailored
follow-up intensity. High-risk patients could receive intensified
monitoring despite unremarkable initial AFP/DCP levels, while
low-risk cohorts might adopt reduced surveillance frequency,
optimizing resource allocation and minimizing patient distress
(48). By augmenting current strategies with this prognostication
layer, the model aims to expedite recurrence detection and
therapeutic intervention, potentially improving long-term
outcomes through personalized surveillance adaptation.

Despite the encouraging findings, this study also has several
limitations. First, the retrospective single-center design may
introduce selection bias. Although internal validation was
conducted, external validation across multi-center cohorts
involving diverse etiologies, such as non-HBV-related HCC, is
needed to verify the model’s generalizability. Second, while the
CART model incorporated several key biological predictors, it did
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not include emerging dynamic biomarkers like ctDNA or
quantitative radiomic features, which may further enhance the
accuracy of risk stratification. Subsequent studies could integrate
multi-omics data to refine the model and strengthen its predictive
capability. Moreover, the study only enrolled patients who
underwent curative resection, which may introduce selection bias
and restrict the applicability of the conclusions to surgical
candidates with early-stage disease. Therefore, the results should
not be generalized to patients with advanced HCC or those
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ineligible for surgical intervention. In addition, due to the
retrospective nature of the study, post-recurrence treatment
strategies were highly individualized and inconsistently
documented, hindering systematic collection and analysis of
postoperative management data. As a result, treatment-related
variables were excluded from covariate adjustment and subgroup
analyses. Future studies should account for heterogeneity in
adjuvant therapies as a crucial factor to allow a more
comprehensive evaluation of recurrence risk. Finally, although
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CART offers clinical interpretability, future work may explore
hybrid models combining interpretable tree-based frameworks
with more complex machine learning approaches to optimize
both transparency and predictive accuracy.

Conclusion

The development and validation of an MVI-based CART strategy
has provided a valuable tool for predicting ER risk, RFS, and OS in
patients with HCC. This strategy may assist clinicians in tailoring
postoperative surveillance programs and therapeutic interventions
for HCC patients with M VI following curative hepatectomy.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Guangxi
Medical University Cancer Hospital. The studies were conducted
in accordance with the local legislation and institutional
requirements. Written informed consent for participation was not
required from the participants or the participants’ legal guardians/
next of kin because This was a retrospective study by decision of the
ethics committee of Guangxi Medical University Cancer Hospital.

Author contributions

JZ: Methodology, Writing — original draft, Writing — review &
editing. R-JL: Methodology, Writing — original draft, Data curation.
ZT: Data curation, Methodology, Writing — original draft. CZ: Data
curation, Methodology, Writing - original draft. K-XM: Data
curation, Methodology, Writing - original draft. WC:
Data curation, Methodology, Writing - original draft. YL:
Methodology, Formal analysis, Validation, Writing - original
draft. RL: Formal analysis, Methodology, Investigation, Writing —
original draft. L-QL: Methodology, Conceptualization, Validation,
Writing - original draft. G-BW: Conceptualization, Funding
acquisition, Investigation, Writing - original draft. J-ZY:
Conceptualization, Funding acquisition, Methodology, Writing —
review & editing. R-YM: Conceptualization, Methodology, Writing
- review & editing, Formal analysis, Writing - original draft.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was
supported by the National Natural Science Foundation of China

Frontiers in Oncology

12

10.3389/fonc.2025.1655739

(N0.82460611, 82060427, 82103297); Guangxi Natural Science
Foundation (N0.2025GXNSFBA069552, 2025GXNSFDA069007,
2024GXNSFDA010046, 2024GXNSFAA010401); Middle aged and
Young Teachers' Basic Ability Promotion Project of Guangxi
(N0.2024KY0133); Youth Program of the Scientific Research
Foundation of Guangxi Medical University Cancer Hospital
(N0.2023-7);
Universal Support Policy Program; Guangxi Medical University

Guangxi First Batch Qingmiao Young Talents

Cancer Hospital Outstanding Doctoral Support Project; Guangxi
Medical University Outstanding Young Talents Training Program;
Nanning Qingxiu District Science and Technology Project (No.NO.
2021007, 2021010, 2021012).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. We hereby declare that during the
preparation of this manuscript, generative AI technology
(specifically DeepSeek) was employed solely for the purpose of
enhancing linguistic fluency, grammatical accuracy, and textual
clarity. The AI tool was exclusively utilized to polish and refine
text originally drafted by the authors. All scientific concepts, data
analysis, interpretations, and conclusions remain the sole
responsibility of the authors. The Al-assisted content has been
thoroughly reviewed and modified by the authors, who assume
complete responsibility for the final version of the manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1655739/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2025.1655739/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1655739/full#supplementary-material
https://doi.org/10.3389/fonc.2025.1655739
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zeng et al.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

2. Liver EAftSot. EASL Clinical Practice Guidelines on the management of
hepatocellular carcinoma. J Hepatol. (2025) 82:315-74. doi: 10.1016/j.jhep.2024.08.028

3. Taddei TH, Brown DB, Yarchoan M, Mendiratta-Lala M, Llovet JM. Critical Update:
AASLD Practice Guidance on prevention, diagnosis, and treatment of hepatocellular
carcinoma. Hepatology. (2025) 82:272-4. doi: 10.1097/HEP.0000000000001269

4. Sherman M. Recurrence of hepatocellular carcinoma. N Engl ] Med. (2008)
359:2045-7. doi: 10.1056/NEJMe0807581

5. Lee S, Kang TW, Song KD, Lee MW, Rhim H, Lim HK, et al. Effect of
microvascular invasion risk on early recurrence of hepatocellular carcinoma after
surgery and radiofrequency ablation. Ann Surg. (2021) 273:564-71. doi: 10.1097/
SLA.0000000000003268

6. Cong WM, Bu H, Chen J, Dong H, Zhu YY, Feng LH, et al. Practice guidelines for
the pathological diagnosis of primary liver cancer: 2015 update. World ] Gastroenterol.
(2016) 22:9279-87. doi: 10.3748/wjg.v22.i42.9279

7. Heimbach JK, Kulik LM, Finn RS, Sirlin CB, Abecassis MM, Roberts LR, et al. AASLD
guidelines for the treatment of hepatocellular carcinoma. HepatologyHepatology. (2018)
67:358-80. doi: 10.1002/hep.29086

8. Lim KC, Chow PK, Allen JC, Chia GS, Lim M, Cheow PC, et al. Microvascular
invasion is a better predictor of tumor recurrence and overall survival following surgical
resection for hepatocellular carcinoma compared to the Milan criteria. Ann Surg.
(2011) 254:108-13. doi: 10.1097/SLA.0b013e31821ad884

9. Erstad DJ, Tanabe KK. Prognostic and therapeutic implications of microvascular
invasion in hepatocellular carcinoma. Ann Surg Oncol. (2019) 26:1474-93.
doi: 10.1245/510434-019-07227-9

10. Calderaro J, Petitprez F, Becht E, Laurent A, Hirsch TZ, Rousseau B, et al. Intra-
tumoral tertiary lymphoid structures are associated with a low risk of early recurrence
of hepatocellular carcinoma. ] Hepatol. (2019) 70:58-65. doi: 10.1016/
jjhep.2018.09.003

11. MaiRY, Zeng J, Meng WD, Lu HZ, Liang R, Lin Y, et al. Artificial neural network
model to predict post-hepatectomy early recurrence of hepatocellular carcinoma
without macroscopic vascular invasion. BMC Cancer. (2021) 21:283. doi: 10.1186/
$12885-021-07969-4

12. Petta S, Cabibbo G, Barbara M, Attardo S, Bucci L, Farinati F, et al.
Hepatocellular carcinoma recurrence in patients with curative resection or ablation:
impact of HCV eradication does not depend on the use of interferon. Aliment
Pharmacol Ther. (2017) 45:160-8. doi: 10.1111/apt.13821

13. Imamura H, Matsuyama Y, Tanaka E, Ohkubo T, Hasegawa K, Miyagawa S,
et al. Risk factors contributing to early and late phase intrahepatic recurrence of
hepatocellular carcinoma after hepatectomy. J Hepatol. (2003) 38:200-7. doi: 10.1016/
S0168-8278(02)00360-4

14. Zhou J, Sun HC, Wang Z, Cong WM, Wang JH, Zeng MS, et al. Guidelines for
diagnosis and treatment of primary liver cancer in China (2017 edition). Liver Cancer.
(2018) 7:235-60. doi: 10.1159/000488035

15. Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th
edition of the AJCC cancer staging manual and the future of TNM. Ann Surg Oncol.
(2010) 17:1471-4. doi: 10.1245/510434-010-0985-4

16. Bruix J, Reig M, Sherman M. Evidence-based diagnosis, staging, and treatment of
patients with hepatocellular carcinoma. Gastroenterology. (2016) 150:835-53.
doi: 10.1053/j.gastro.2015.12.041

17. Chevret S, Trinchet JC, Mathieu D, Rached AA, Beaugrand M, Chastang C. A
new prognostic classification for predicting survival in patients with hepatocellular
carcinoma. Groupe d'Etude et de Traitement du Carcinome Hepatocellulaire. ] Hepatol.
(1999) 31(1):133-41. doi: 10.1016/S0168-8278(99)80173-1

18. Okuda K, Ohtsuki T, Obata H, Tomimatsu M, Okazaki N, Hasegawa H, et al.
Natural history of hepatocellular carcinoma and prognosis in relation to treatment.
Study of 850 patients. Cancer. (1985) 56:918-28. doi: 10.1002/1097-0142(19850815)
56:4<918:AID-CNCR2820560437>3.0.CO;2-E

19. Kudo M, Chung H, Haji S, Osaki Y, Oka H, Seki T, et al. Validation of a new
prognostic staging system for hepatocellular carcinoma: the JIS score compared with
the CLIP score. Hepatology. (2004) 40(6):1396-405. doi: 10.1002/hep.20486

20. Ueno S, Tanabe G, Sako K, Hiwaki T, Hokotate H, Fukukura Y, et al.
Discrimination value of the new western prognostic system (CLIP score) for
hepatocellular carcinoma in 662 Japanese patients. Cancer Liver Ital Program
Hepatol. (2001) 34(3):529-34. doi: 10.1053/jhep.2001.27219

21. Chester R, Khondoker M, Shepstone L, Lewis JS, Jerosch-Herold C. Self-efficacy and
risk of persistent shoulder pain: results of a Classification and Regression Tree (CART)
analysis. Br ] Sports Med. (2019) 53:825-34. doi: 10.1136/bjsports-2018-099450

22. Brown TJ, Gimotty PA, Mamtani R, Karasic TB, Yang YX. Classification and
regression trees to predict for survival for patients with hepatocellular carcinoma

Frontiers in Oncology

13

10.3389/fonc.2025.1655739

treated with atezolizumab and bevacizumab. JCO Clin Cancer Inform. (2024) 8:
€2300220. doi: 10.1200/CCI.23.00220

23. Mai RY, Lu TL, Lu RJ, Zeng C, Lian F, Li LQ, et al. C-reactive protein-albumin
ratio (CAR): A more promising inflammation-based prognostic marker for patients
undergoing curative hepatectomy for hepatocellular carcinoma. J Inflammation Res.
(2024) 17:919-31. doi: 10.2147/JIR.S441623

24. YeJZ,LuHZ, Zeng C, Lei G, Wang XB, Chen J, et al. A novel surgical scheme for
hepatectomy in hepatocellular carcinoma patients with clinically significant portal
hypertension. BMC Cancer. (2024) 24:764. doi: 10.1186/s12885-024-12535-9

25. Achenbach P, Hippich M, Zapardiel-Gonzalo ], Karges B, Holl RW, Petrera A,
etal. A classification and regression tree analysis identifies subgroups of childhood type
1 diabetes. EBioMedicine. (2022) 82:104118. doi: 10.1016/j.ebiom.2022.104118

26. Sumie S, Nakashima O, Okuda K, Kuromatsu R, Kawaguchi A, Nakano M, et al.
The significance of classifying microvascular invasion in patients with hepatocellular
carcinoma. Ann Surg Oncol. (2014) 21:1002-9. doi: 10.1245/s10434-013-3376-9

27. Zhang T, Guo J, Gu J, Chen K, Wang Z, Li H, et al. KIAA0101 is a novel
transcriptional target of FoxM1 and is involved in the regulation of hepatocellular
carcinoma microvascular invasion by regulating epithelial-mesenchymal transition.
J Cancer. (2019) 10:3501-16. doi: 10.7150/jca.29490

28. Xu ZY, Ding SM, Zhou L, Xie HY, Chen KJ, Zhang W, et al. FOXC1 contributes
to microvascular invasion in primary hepatocellular carcinoma via regulating
epithelial-mesenchymal transition. Int ] Biol Sci. (2012) 8:1130-41. doi: 10.7150/
ijbs.4769

29. Luo Q, Wang J, Zhao W, Peng Z, Liu X, Li B, et al. Vasculogenic mimicry in
carcinogenesis and clinical applications. ] Hematol Oncol. (2020) 13:19. doi: 10.1186/
s13045-020-00858-6

30. Sun B, Zhang S, Zhang D, Du J, Guo H, Zhao X, et al. Vasculogenic mimicry is
associated with high tumor grade, invasion and metastasis, and short survival in
patients with hepatocellular carcinoma. Oncol Rep. (2006) 16:693-8. doi: 10.3892/
0r.16.4.693

31. Yang]D, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. A global view
of hepatocellular carcinoma: trends, risk, prevention and management. Nat Rev
Gastroenterol Hepatol. (2019) 16:589-604. doi: 10.1038/541575-019-0186-y

32. Heymann F, Tacke F. Immunology in the liver-from homeostasis to disease. Nat
Rev Gastroenterol Hepatol. (2016) 13:88-110. doi: 10.1038/nrgastro.2015.200

33. Xie DY, Ren ZG, Zhou J, Fan J, Gao Q. 2019 Chinese clinical guidelines for the
management of hepatocellular carcinoma: updates and insights. Hepatobiliary Surg
Nutr. (2020) 9:452-63. doi: 10.21037/hbsn-20-480

34. Qu LS, Jin F, Huang XW, Shen XZ. High hepatitis B viral load predicts
recurrence of small hepatocellular carcinoma after curative resection. J Gastrointest
Surg. (2010) 14:1111-20. doi: 10.1007/s11605-010-1211-1

35. Lei Z, Li J, Wu D, Xia Y, Wang Q, Si A, et al. Nomogram for preoperative
estimation of microvascular invasion risk in hepatitis B virus-related hepatocellular
carcinoma within the milan criteria. JAMA Surg. (2016) 151:356-63. doi: 10.1001/
jamasurg.2015.4257

36. Zhu F, Yang F, Li J, Chen W, Yang W. Incomplete tumor capsule on
preoperative imaging reveals microvascular invasion in hepatocellular carcinoma: a
systematic review and meta-analysis. Abdom Radiol (NY). (2019) 44:3049-57.
doi: 10.1007/500261-019-02126-9

37. Gerdes J, Schwab U, Lemke H, Stein H. Production of a mouse monoclonal
antibody reactive with a human nuclear antigen associated with cell proliferation. Int |
Cancer. (1983) 31:13-20. doi: 10.1002/ijc.2910310104

38. Menon SS, Guruvayoorappan C, Sakthivel KM, Rasmi RR. Ki-67 protein as a tumour
proliferation marker. Clin Chim Acta. (2019) 491:39-45. doi: 10.1016/j.cca.2019.01.011

39. Yang X, Ni H, Lu Z, Zhang ], Zhang Q, Ning S, et al. Mesenchymal circulating tumor
cells and Ki67: their mutual correlation and prognostic implications in hepatocellular
carcinoma. BMC Cancer. (2023) 23:10. doi: 10.1186/s12885-023-10503-3

40. Mehrpouya M, Pourhashem Z, Yardehnavi N, Oladnabi M. Evaluation of cytokeratin
19 as a prognostic tumoral and metastatic marker with focus on improved detection
methods. J Cell Physiol. (2019) 234:21425-35. doi: 10.1002/jcp.28768

41. Govaere O, Komuta M, Berkers ], Spee B, Janssen C, de Luca F, et al. Keratin 19:
a key role player in the invasion of human hepatocellular carcinomas. Gut. (2014)
63:674-85. doi: 10.1136/gutjnl-2012-304351

42. Shuyao W, Mingyang B, Feifei M, Xiaoqin H. CK19 predicts recurrence and
prognosis of HBV positive HCC. J Gastrointest Surg. (2022) 26:341-51. doi: 10.1007/
s11605-021-05107-w

43. Jhunjhunwala S, Hammer C, Delamarre L. Antigen presentation in cancer:
insights into tumour immunogenicity and immune evasion. Nat Rev Cancer. (2021)
21:298-312. doi: 10.1038/541568-021-00339-z

44. Zhou J, Liu M, Sun H, Feng Y, Xu L, Chan A, et al. Hepatoma-intrinsic CCRK
inhibition diminishes myeloid-derived suppressor cell immunosuppression and
enhances immune-checkpoint blockade efficacy. Gut. (2018) 67:931-44. doi: 10.1136/
gutjnl-2017-314032

frontiersin.org


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.jhep.2024.08.028
https://doi.org/10.1097/HEP.0000000000001269
https://doi.org/10.1056/NEJMe0807581
https://doi.org/10.1097/SLA.0000000000003268
https://doi.org/10.1097/SLA.0000000000003268
https://doi.org/10.3748/wjg.v22.i42.9279
https://doi.org/10.1002/hep.29086
https://doi.org/10.1097/SLA.0b013e31821ad884
https://doi.org/10.1245/s10434-019-07227-9
https://doi.org/10.1016/j.jhep.2018.09.003
https://doi.org/10.1016/j.jhep.2018.09.003
https://doi.org/10.1186/s12885-021-07969-4
https://doi.org/10.1186/s12885-021-07969-4
https://doi.org/10.1111/apt.13821
https://doi.org/10.1016/S0168-8278(02)00360-4
https://doi.org/10.1016/S0168-8278(02)00360-4
https://doi.org/10.1159/000488035
https://doi.org/10.1245/s10434-010-0985-4
https://doi.org/10.1053/j.gastro.2015.12.041
https://doi.org/10.1016/S0168-8278(99)80173-1
https://doi.org/10.1002/1097-0142(19850815)56:4%3C918::AID-CNCR2820560437%3E3.0.CO;2-E
https://doi.org/10.1002/1097-0142(19850815)56:4%3C918::AID-CNCR2820560437%3E3.0.CO;2-E
https://doi.org/10.1002/hep.20486
https://doi.org/10.1053/jhep.2001.27219
https://doi.org/10.1136/bjsports-2018-099450
https://doi.org/10.1200/CCI.23.00220
https://doi.org/10.2147/JIR.S441623
https://doi.org/10.1186/s12885-024-12535-9
https://doi.org/10.1016/j.ebiom.2022.104118
https://doi.org/10.1245/s10434-013-3376-9
https://doi.org/10.7150/jca.29490
https://doi.org/10.7150/ijbs.4769
https://doi.org/10.7150/ijbs.4769
https://doi.org/10.1186/s13045-020-00858-6
https://doi.org/10.1186/s13045-020-00858-6
https://doi.org/10.3892/or.16.4.693
https://doi.org/10.3892/or.16.4.693
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1038/nrgastro.2015.200
https://doi.org/10.21037/hbsn-20-480
https://doi.org/10.1007/s11605-010-1211-1
https://doi.org/10.1001/jamasurg.2015.4257
https://doi.org/10.1001/jamasurg.2015.4257
https://doi.org/10.1007/s00261-019-02126-9
https://doi.org/10.1002/ijc.2910310104
https://doi.org/10.1016/j.cca.2019.01.011
https://doi.org/10.1186/s12885-023-10503-3
https://doi.org/10.1002/jcp.28768
https://doi.org/10.1136/gutjnl-2012-304351
https://doi.org/10.1007/s11605-021-05107-w
https://doi.org/10.1007/s11605-021-05107-w
https://doi.org/10.1038/s41568-021-00339-z
https://doi.org/10.1136/gutjnl-2017-314032
https://doi.org/10.1136/gutjnl-2017-314032
https://doi.org/10.3389/fonc.2025.1655739
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zeng et al.

45. Tzartzeva K, Obi J, Rich NE, Parikh ND, Marrero JA, Yopp A, et al. Surveillance
imaging and alpha fetoprotein for early detection of hepatocellular carcinoma in
patients with cirrhosis: A meta-analysis. Gastroenterology. (2018) 154:1706-18.e1.
doi: 10.1053/j.gastro.2018.01.064

46. Mishra G, Dev A, Paul E, Cheung W, Koukounaras J, Jhamb A, et al. Prognostic role
of alpha-fetoprotein in patients with hepatocellular carcinoma treated with repeat transarterial
chemoembolisation. BMIC Cancer. (2020) 20:483. doi: 10.1186/s12885-020-06806-4

Frontiers in Oncology

14

10.3389/fonc.2025.1655739

47. Luo L, Wang X, Peng X, Zhong R, Xuan X, Lin H, et al. Analysis of the optimal
patterns of serum alpha fetoprotein (AFP), AFP-L3% and protein induced by vitamin K
absence or antagonist-II (PIVKA-II) detection in the diagnosis of liver cancers. Peer].
(2025) 13:19712. doi: 10.7717/peerj.19712

48. Seif El Dahan K, Daher D, Singal AG. Hepatocellular carcinoma surveillance in
patients with non-alcoholic fatty liver disease. Clin Mol Hepatol. (2023) 29:5207-
207S219. doi: 10.3350/cmh.2022.0247

frontiersin.org


https://doi.org/10.1053/j.gastro.2018.01.064
https://doi.org/10.1186/s12885-020-06806-4
https://doi.org/10.7717/peerj.19712
https://doi.org/10.3350/cmh.2022.0247
https://doi.org/10.3389/fonc.2025.1655739
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	A CART-based prognostic model for risk stratification of postoperative early recurrence in hepatocellular carcinoma with microvascular invasion
	Introduction
	Methods
	Patient selection
	Definition and classification of microvascular invasion
	Staging system classification
	Hepatectomy and follow-up
	Establishment of a CART strategy
	Statistical analysis

	Results
	Patients’ characteristics
	Independent risk factors of ER
	Construction and validation of the CART Model
	Comparison of CART and conventional staging systems in predicting ER
	Performance of CART in predicting RFS and OS
	Performance of CART strategy in stratifying Risk

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


