Journal of Hepatocellular Carcinoma Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

A Preoperative MRI-Based Score to Predict
High-Risk Pathology and Stratify Adjuvant Therapy
Benefit in BCLC 0/A Hepatocellular Carcinoma

Huiying Li', Xinxin Wang', Can Yu', Baihe Li', Zhe Hu', Wanhu Li 2, Yueqin Chen3, Yang Zhou ',
Yajuan Sun

'Department of Radiology, Harbin Medical University Cancer Hospital, Harbin, Heilongjiang, 150081, People’s Republic of China; 2Department of
Radiology, Shandong Provincial Cancer Hospital, Jinan, Shandong, 250000, People’s Republic of China; 3Department of Radiology, Affiliated Hospital of
Jining Medical University, Jining, Shandong, 272007, People’s Republic of China

Correspondence: Yajuan Sun; Yang Zhou, Email yajuan-sun@ | 63.com; zhouyang094@ |26.com

Purpose: This study aims to develop and validate a magnetic resonance imaging (MRI)-based preoperative scoring model for
predicting microvascular invasion (MVI) or Edmondson—Steiner grade 3/4 in BCLC 0/A hepatocellular carcinoma (HCC) and explore
its potential for early recurrence risk stratification and as a hypothesis-generating tool for identifying patients who may benefit from
adjuvant therapy.

Materials and Methods: This multicenter retrospective study comprised consecutive patients with BCLC 0/A HCC who underwent
contrast-enhanced MRI followed by curative resection at three different institutions between January 2015 and November 2024. To
identify imaging predictors of MVI and Edmondson—Steiner grade 3/4, multivariable logistic regression was applied to the training set.
Imaging features and AFP levels were combined to create a scoring system (HRI-score), and the model’s ability to predict recurrence
and stratify recurrence-free survival (RFS) was assessed in internal and external sets.

Results: Overall, 994 patients were included (training: n = 601; internal validation: n = 257; external outcome set: n = 136). The HRI-
score included irregular tumor morphology, nonperipheral washout, intratumoral blood products, and AFP (> 400 ng/mL). The training
and internal validation sets had AUCs of 0.813 and 0.747, respectively. Across all sets, RFS was significantly lower in HRI-positive
patients than for HRI-negative patients (all P < 0.05). Adjuvant therapy was associated with improved RFS in the HRI-positive
subgroup; however, this effect was not observed in the HRI-negative subgroup, based on exploratory analyses.

Conclusion: The HRI-score enables preoperative prediction of high-risk pathological features and risk stratification in BCLC 0/A
HCC. It may also serve as a hypothesis-generating tool to identify patients who could potentially benefit from adjuvant therapy,
warranting further prospective multicenter validation.
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Introduction
Liver resection is currently the main treatment for BCLC 0/A hepatocellular carcinoma (HCC) in patients with well-
preserved liver function.'! However, the 5-year recurrence rate is still high at 59.3% even following curative liver
resection.” Microvascular invasion (MVI) and Edmondson-Steiner G3/4 have been confirmed as significant risk factors
for postoperative recurrence and poor prognosis.’ >

To address the clinical challenge of high postoperative recurrence risk in patients with BCLC stage 0/A HCC,
domestic and international guidelines recommend that adjuvant therapy should be considered for HCC patients with
high-risk recurrence factors.®® Studies indicate that various adjuvant treatments may be effective in lowering recurrence
rates following liver resection; however, to date, no standardized regimen that is both widely accepted and clearly
effective has been established. Traditional Chinese medicine preparations (such as Huaier granules) have been referenced
in some Chinese HCC management guidelines’ recommendations for postoperative adjuvant therapy.” According to
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previous studies, Huaier granules may improve disease-free survival and reduce recurrence rates.””'' However, clear
criteria for identifying the patient population that may benefit from this treatment are still lacking.

Tumor multiplicity, large tumor size (such as > 5 cm), macrovascular invasion, MVI, and Edmondson-Steine G3/4 are
commonly identified as high-risk recurrence factors.'>'* MVI and Edmondson-Steiner grade still depend on post-
operative pathological analysis, even though tumor number, size, and macrovascular invasion can be relatively easily
determined through preoperative imaging. As a result, developing optimal surgical plans preoperatively becomes
challenging. Additionally, there is significant variability in this “high-grade pathological” group. Some patients experi-
ence a rapid recurrence despite adjuvant therapy, while others may have their treatment needs underestimated. This
implies that identifying which patients would actually benefit from adjuvant therapy may be insufficient if postoperative
pathological analysis is the only method used.

According to recent research, various magnetic resonance imaging (MRI) characteristics are closely linked to high-
risk pathological (HRP) features of HCC and can be used as noninvasive tools to predict HCC prognosis. For instance,

irregular tumor morphology is thought to be a significant predictor of MVL'

and nonperipheral washout indicates
Edmondson-Steiner G3/4.'>'® The clinical utility of MRI features in predicting multiple HRP characteristics and
identifying potential beneficiaries of postoperative adjuvant therapy among BCLC 0/A patients undergoing curative
resection remains incompletely validated, and the existing research mainly focuses on evaluating single pathological

ou’tcomes;”_19

most studies have focused on patients with locally advanced HCC.

Therefore, the main goal of this research is to create and validate a useful scoring system based on serum biomarkers
and MRI features for the noninvasive preoperative prediction of HRP characteristics in HCC. Additionally, the clinical
utility of this scoring system includes predicting recurrence-free survival (RFS) after curative resection and identifying

patients who may benefit from adjuvant therapy. This aspect represents another key goal of the study.

Materials and Methods

Patients

This multicenter retrospective study included patients diagnosed with HCC who underwent hepatectomy at three medical
centers in China: Harbin Medical University Cancer Hospital, the Affiliated Hospital of Jining Medical University, and
Shandong Provincial Cancer Hospital.

Patients with HCC who underwent hepatectomy at Harbin Medical University Cancer Hospital between January 2015
and November 2024 were considered for inclusion. The inclusion criteria were as follows: (a) Age > 18 years; (b)
pathologically confirmed BCLC 0/A HCC; (c) contrast-enhanced MRI performed within 2 weeks before surgery. The
exclusion criteria were as follows: (a) Receiving any HCC-related treatment prior to the initial MRI examination; (b)
poor image quality; (c) any malignancy other than HCC, either present or in the past; (d) incomplete clinical data,
laboratory indices, or pathological information. Following data integration, the study population (n = 858) was randomly
divided into a training set (n = 601) and an internal validation set (n =257) in a 7:3 ratio. Additionally, the same inclusion
and exclusion criteria were used on an external outcome set from two other hospitals between January 2020 and
November 2024, yielding a total of 136 patients. As a result, this study included 994 patients in total (Figure 1).

Image Acquisition and Analysis

MRI was conducted using 3.0 T MRI scanners. Table S1 presents a thorough explanation of MRI acquisition parameters
used in this study. To further minimize potential variability introduced by various scanners and contrast administration
protocols, all imaging data were centrally gathered and examined using a standardized post-processing workflow.

Two radiologists (Y. J. S. and Y. Z., with 17 and 21 years of experience in liver MRI, respectively) independently
analyzed MRI scans. Both readers were blinded to pathological and clinical data. Tumor shape (regularity type or
irregularity type) and other previously published prognostic imaging features (Table S2) were among MRI features
evaluated using the Liver Imaging Reporting and Data System (LI-RADS) version 2018 criteria.?® For all image features,

agreement between and within the readers was assessed. In the case of disagreement on qualitative parameters, the two
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Figure | Flow chart of the study population.
Abbreviations: HCC, hepatocellular carcinoma; MRI, magnetic resonance imaging; BCLC, Barcelona Clinic Liver Cancer; HMUC, Harbin Medical University Cancer
Hospital; SPCH, Shandong Provincial Cancer Hospital; AHJM, Affiliated Hospital of Jining Medical University.

readers discussed the data and used the consensus finding for further analysis. Data from the senior reader were
statistically analyzed for quantitative parameters (Table S3).

Clinical Data and Pathological Examination

Gathered preoperative clinical data, such as gender, age, AFP, cirrhosis, and HCV. Standard clinical laboratory reference
ranges were used to dichotomize all relevant biochemical variables, with the upper limit of normal serving as the
threshold. M VI status and Edmondson-Steiner grade were determined using histopathologic data from routine reports as
the reference standard. At each center, a consensus review of all specimens was conducted by two liver pathologists who
were aware of the clinical and imaging data in accordance with the institutional standard procedures. The presence of
MVI or Edmondson-Steiner G3/4 was considered an HRP feature.

Follow Up
Following curative surgery, all patients were monitored in accordance with institutional practice, which includes
laboratory examinations such as serum AFP every 3 months and CT/MRI every 3 to 6 months. Unequivocal radiological
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or pathological detection of intrahepatic HCC, tumor-in-vein, or distant metastasis was considered a recurrence.” RFS
was defined from the date of SR until the last follow-up visit or recurrence. The data were censored on Jun 25, 2025.

Postoperative Adjuvant Treatment

Based on Chinese guidelines for the treatment of primary liver cancer,”® adjuvant treatment decisions were made for
patients who had a high risk of postoperative recurrence/metastasis: Tumor diameter of > 5 cm, multifocal tumors, MVI,
macrovascular invasion, lymph node metastasis, and Edmondson-Steiner G3/4. Transarterial chemoembolization, hepatic
arterial infusion chemotherapy, targeted therapy, immunotherapy, traditional Chinese medicine (TCM), and combined
therapy were among the adjuvant treatment options (Table S4).

HRI Development and Validation

A scoring system for predicting HRP in patients with HCC was created using the training set. Three steps comprised the
interpretable high-risk image (HRI) tool (Table S5). Initially, AFP and imaging features linked with each HRP were
identified, and their weight parameters (B-value) were obtained using multivariable logistic regression analysis. Kendall’s
tau-b test was then used to assess the correlations between each HRP and recurrence, and the correlation coefficients
(rmv1, TE-s G3/4) Were combined with the B-value. Finally, to predict HRP in HCC, features were given values, and
a scoring model was created by combining these values to produce a continuous HRI feature score (HRI-score). The
HRI-score threshold was determined using the optimal area under the receiver operating characteristic curve (AUC) for
HRP prediction. The HRI-score was deemed positive when it exceeded the threshold value and negative otherwise. The
effectiveness of HRI-score in the validation set was also assessed.

Statistical Analysis

AUC, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy were used
to assess the discrimination of the HRI-score system. The RFS of patients using the HRI-score was calculated using
a Kaplan—Meier plot with Log rank tests. Statistical significance was defined as two-sided P-values < 0.05. Decision
curve analysis (DCA), clinical impact curve, and calibration curves were used to assess the clinical utility of HRI-score
system. Time-dependent ROC curves were used to evaluate the prognostic performance of HRI-score at 1-, 2-, and 3-year
time points. Censoring was handled using the inverse probability of censoring weighting method implemented in the
“timeROC” package. To assess model stability and potential overfitting, bootstrap resampling with 200 iterations was
performed to obtain optimism-corrected AUCs. Propensity score-matching (PSM) analysis was utilized to reduce
potential confounding and the impact of selection bias by equating the two groups based on the presence of MVI.
A nearest-neighbor 1:3 matching scheme with a caliper size of 0.2 was employed for propensity score matching. The data
were analyzed and presented using R (version 4.4.2; R Foundation for Statistical Computing).

Results

Baseline Characteristics

The study sets consisted of the training set (n = 601), the internal validation set (n = 257), and the external outcome set (n = 136).
With proportions of 80.2% in the training set, 80.54% in the internal validation set, and 94.85% in the external outcome set, most
patients had hepatitis B virus infection. Table 1 contains detailed baseline characteristics. MVI and Edmondson-Steiner G3/4
tumors were found in 215 (35.77%) and 470 (78.2%) patients in the training set and in 87 (33.85%) and 193 (75.1%) patients in
the internal validation set. Recurrence was observed in 253 patients (42.09%) in the training set, 105 (40.85%) in the internal
validation set, and 34 (25.0%) in the external outcome set. Postoperative medication was given to 304 (35.4%) patients.

Development of the HRI-Score

Table S6 summarizes the results of univariate logistic regression. AFP > 400 ng/mL, irregular tumor shape, and nonper-
ipheral washout were all independently associated with MVI in multivariable analysis. Independent predictors for
Edmondson-Steiner G3/4 included AFP > 400 ng/mL, irregular tumor shape, intratumoral blood products, and nonperipheral
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Table | Baseline Patient Characteristics

Variables Training Set | Internal validation Set | External P-value
(N=601) (N=257) Outcome Set

(N=136)
Sex 0.24°
Female 121 (20.13) 44 (17.12) 33 (24.26)
Male 480 (79.87) 213 (82.88) 103 (75.74)
Age (years) 58 (52, 64) 59 (53, 64) 59 (52, 66) 0.90°
AFP (ng/mL) 0.05°
<400 466 (77.54) 186 (72.37) 113 (83.09)
2400 135 (22.46) 71 (27.63) 23 (16.91)
Underlying liver diseases <0.01?
No 63 (10.48) 33 (12.84) 4 (2.94)
Hepatitis B virus 482 (80.20) 207 (80.54) 129 (94.85)
Others 56 (9.32) 17 (6.61) 3(2210)
Cirrhosis <0.01*
Absent 88 (14.64) 48 (18.68) 5 (3.68)
Present 513 (85.36) 209 (81.32) 131 (96.32)
Tumor size (mm) 42 (30, 62) 41 (28, 62) 38.5 (23.75, 53.5) | 0.05°
Tumor multiplicity 0.15%
| 579 (96.34) 244 (94.94) 136 (100.00)
2 19 (3.16) 11 (4.28) 0 (0.00)
>3 3 (0.50) 2 (0.78) 0 (0.00)
MVI 0.644°
Negative 386 (64.23) 170 (66.15) NA
Positive 215 (35.77) 87 (33.85) NA
Edmondson-Steiner grade 0.365°
Gl1/2 131 (21.80) 64 (24.90) NA
G3/4 470 (78.20) 193 (75.10) NA

Notes: Data in parentheses are percentages or interquartile ranges. *P-values were calculated by comparing the training set
(n = 601), internal validation set (n = 257), and external validation set (n = 136).°P-values were computed by comparing the
training (n = 601) and internal validation (n = 257) sets. NA denotes missing data.

Abbreviations: AFP, o-fetoprotein; MVI, Microvascular invasion.

washout. A weighted scoring system was developed based on these characteristics. To determine feature weights, correlation
coefficients for MVI (r = 0.087) and tumor grade (r = 0.148) were multiplied by the corresponding regression coefficients (B-
value, Table 2). The continuous HRI-score was then generated by converting these weights to point values (Figure 2).

Table 2 Training Center Multivariable Logistic Regression Analyses Based
on Majority Interpretations

Multivariable Analysis
p Coefficient | OR (95% CI) | P-value

Microvascular invasion

AFP (2400 ng/mL) 0.48 1.62(1.07-2.44) | 0.0218
Tumor shape (irregularity) 0.79 2.21(1.53-3.19) | <0.001
Nonperipheral washout (present) | 0.97 2.63(1.23-5.65) | 0.0131
Edmondson-Steiner G3/4

AFP (2400 ng/m) 1.13 3.1(1.6-6.02) <0.001
Tumor shape (irregularity) 1.38 3.99(2.3-6.89) <0.001
Blood products in mass (present) | 1.05 2.84(1.54-5.24) | <0.001
Nonperipheral washout (present) | 1.34 3.82(1.98-7.38) | <0.001

Note: Interpretations.
Abbreviations: OR, Odds ratio; Cl, Confidence intervals; AFP, a-fetoprotein.
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Sensitivity of the HRI-Score

The HRI-score was deemed positive when it exceeded four and negative otherwise. The HRI-score displayed strong
discrimination for HRP using this threshold: In the training set, the AUC was 0.813 (95% CI: 0.778-0.849), and in the
internal validation set, the AUC was 0.747 (0.684-0.811). The classification metrics (accuracy, sensitivity, specificity,
PPV, and NPV) at this cut-off are summarized in Table 3. The model’s clinical utility across a range of decision
thresholds was further supported by calibration curves, DCA, and a clinical impact curve (Figure S1). With AUC values
of 0.71 for 1-year survival, 0.68 for 2-year survival, and 0.66 for 3-year survival predictions, respectively, the model
demonstrated good discrimination in the internal validation set (Figure S1).

Clinical Significance of the HRI-Score

Patients who are HRI-positive had significantly lower RFS than patients who are HRI-negative when patients were
stratified by HRI status in the training set (P < 0.0001), internal validation set (P = 0.036), and external outcome set (P =
0.047) (Figure 3A—C). In training and internal validation sets, patients who are HRP-positive had worse RFS than
patients who are HRP-negative, which is consistent with its correlation with adverse pathology (Figure 3D and E). Based
on their HRP and HRI status, patients were divided into four groups. All four groups displayed a progressive decline in

aAlebaN

Score

Score 3-point 3-point

<4 24
< HRI-score >
Negative Positive

Figure 2 Assignment of the HRI-score based on imaging features assessed on contrast—enhanced MRI scans. (A-D) Imaging features representing zero points: (A) regular
shape, (B) no nonperipheral washout, (C) no blood products in mass, and (D) AFP<400ng/mL. (E~H) Imaging features representing added points: (E) three points for
irregular shape, (F) three points for nonperipheral washout, (G) two points for blood products in mass, and (H) two points for AFP=400ng/mL. The features were assessed,
and a scoring model with continuous HRI-score was established to evaluate HRP in HCC. The threshold value of the HRI-score obtained via receiver operating
characteristic curve analysis was used to predict HRP. When the HRI-score was greater than 4, it was considered positive; otherwise, it was considered negative.
Abbreviations: MRI, magnetic resonance imaging; AFP, a-fetoprotein; HCC, hepatocellular carcinoma; HRI, high-risk image feature.
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Table 3 Verification of the HRI-Score for High-Risk and
Low-Risk Pathologic Features

Parameter Training Set Internal Validation Set
AUC 0.813(0.778-0.849) 0.747(0.684-0.811)
Sensitivity 0.665(0.623-0.706) 0.713(0.650-0.775)
Specificity 0.870(0.804-0.936) 0.782(0.673-0.891)
PPV 0.962(0.942-0.982) 0.923(0.881-0.965)
NPV 0.341(0.283-0.399) 0.426(0.329-0.522)
Accuracy 0.699(0.660-0.735) 0.728(0.669-0.781)

Abbreviations: AUC, Area under the receiver operating characteristic
curve; PPV, Positive predictive value; NPV, Negative predictive value.

RFS (HRP-/HRI- > HRP—/HRI+ > HRP+/HRI—- > HRP+/HRI+). Importantly, patients who are HRI-positive demon-
strated significantly worse outcomes than patients who are HRI-negative within the HRP-negative subgroup, suggesting
that the HRI-score further improves risk stratification beyond pathological characteristics (Figure 3F and G).

Next, we assessed whether prognostic information beyond known clinicopathologic factors is carried by the
HRI-score. HRI-positive status continued to be an independent predictor of worse RFS in multivariable Cox regression
adjusted for known prognostic covariates (HR 1.51; 95% CI: 1.21-1.89, P = 0.0003) (Table 4).

Figure 3H and I present 3-D confusion matrices that illustrate how the HRI-score reclassifies patients in relation to pathologic
HRP. A Sankey diagram of reclassification is displayed in Figure 4A. Interestingly, the scoring system reclassified 57 patients
(7%) who were pathologically HRP-negative as HRI-positive, while 236 patients (28%) who were pathologically HRP-positive
were reclassified as HRI-negative. These reclassifications imply that a subset of patients whose imaging/biomarker profile
deviates from their pathology and who may experience different clinical outcomes are identified by the HRI-score. Particularly,
the prevalence of HRI-positive status remained significant within frequently encountered early-stage populations: AFP <400 ng/
mL (46.4%, n = 652), AJCC T1 (53.8%, n = 459), CNLC T1 (55.9%, n = 499), and tumor size < 50 mm (48.9%, n = 519)
(Figure 4B). These findings indicate that even among patients typically regarded as low-risk based on stage or AFP level, the
HRI-score can detect “high-grade” biology.

Exploratory Analysis in the HRI-Negative Subgroup

Within the HRI-negative subgroup, patients with and without recurrence displayed significant differences in tumor shape
(P = 0.04), nonrim arterial phase hyperenhancement (P = 0.04), nonperipheral washout (P = 0.03), and transient hepatic
intensity (P = 0.04) (Table S7). These results indicate the possibility of residual heterogeneity among patients who are
HRI-negative and suggest that additional imaging features could be useful for risk assessment.

Prediction of Adjuvant Therapy Benefit

We investigated whether patients who benefit from adjuvant therapies could be identified using the HRI-score. While
RFS did not differ by adjuvant therapy when patients were grouped by pathologic HRP alone (HRP-positive or -negative;
P =0.16 and P = 0.90, respectively), HRI stratification revealed a differential effect: Among HRI-positive patients,
receiving adjuvant therapy was associated with improved RFS (median RFS 74.0 versus 35.0 months; P = 0.048), while
no benefit was observed in HRI-negative patients (P = 0.43) (Figure 5). This implies that patients who probably benefit
from postoperative interventions may be chosen with the help of the imaging-biomarker signature.

We conducted subgroup analyses of various adjuvant strategies to investigate which adjuvant regimens might be
effective within the HRI-positive population. When compared with other regimens, patients who receive TCM as part of
their adjuvant regimen exhibit better RFS (Figure S2A and B). We used PSM to balance MVI status because baseline
microvascular invasion varied between groups (Table S8); the correlation between TCM use and improved RFS persisted
after PSM (Figure S2C), suggesting a potential therapeutic benefit. Since residual confounding cannot be completely
ruled out, these findings are hypothesis-generating and should be interpreted cautiously.

Journal of Hepatocellular Carcinoma 2026:13 hetps: 7


https://www.dovepress.com/article/supplementary_file/605420/605420%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/605420/605420%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/605420/605420%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/605420/605420%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/605420/605420%20Supplementary%20Materials.docx

Li et al

A Training HRI- = HRI+ B Internal validation -~ HRI- = HRI+ C External outcome HRI- = HRI+
= < 1.00 = 1.00
g 100 g g
> = =
2 075 3 075 3 0.75
Py ] [
o £ £
8 0.50 8 050 — § 050
c c c
o (Y g
g 0.25 § 0.25 § 0.25
4 p < 0.0001 & p =0.036 5= p = 0.047
0.00 0.00 0.00
0 25 50 75 100 125 0 25 50 75 100 125 0 10 20 30 40 50
Follow up time (m) Follow up time (m) Follow up time (m)
Number at risk Number at risk Number at risk
255 163 99 53 19 0 101 57 40 13 4 0 8 80 60 27 13 0
- 346 171 103 52 16 O - 156 63 46 24 10 O == 48 41 27 14 10 O
e s g - HRP-/HRI- < HRP-/HRI+
D Training HRP- == HRP+ E Internal validation HRP- == HRP+ F Training
= < HRP+/HRI- HRP+/HRI+
1.00 < 1.00 S 1.001 .
T 2 s :
> > \
2 5 2
2 075 g 0.75 8 0.75
[} o =
[9] = ]
T 050 8 050 8 050 .
g ’ % § T T
2 5 § 0.25
3 0.25 g 0.25 &, I
K p =0.0037 s p =0.007 p< 0.0001
0.00 0.00 i
0 25 20 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125
ollow up time (nfj Follow up time (m) Follow up time (m)
Number at risk Number at risk Number at risk
209 141 84 45 15 0
100 68 31 13 4 0 56 26 14 5 3 0 — 46 22 15 8 4 0
= 209 113 58 30 8 0
— 501 266 171 92 31 0 - 202 9 72 32 11 0 137 58 45 o2 8 0
Internal HRP-/HRI- < HRP-/HRI+ L -
e Trainin Internal validation
G Jaidation “ HRP+HRI- - HRP+HRI+ H g !
T 1.00 '_!.._.;
2 ] 140
o075 300
o b et 120
% 050 g 20 9
g 5 E 100
g 200
3 025 - 80
I p< 0.0001 | 60
0.00 =
0 25 50 75 100 125 160 40
Follow up time (m) L 50
Number at risk 20

- 15 8 0
= O3 48 34 17 6
63 15 12 7 4

86 49 36 13 4
4 0

ocoooo

Figure 3 Kaplan—Meier analyses of recurrence-free survival (RFS) and model performance in patients with hepatocellular carcinoma. (A-C) RFS stratified by HRI-score
(HRI- vs HRI+) in the training (A), internal validation (B), and external outcome (C) sets. (D and E) RFS stratified by high-risk pathological features (HRP— vs HRP+) in the
training (D) and internal validation (E) sets. (F and G) Combined stratification of HRI-score and HRP status showing RFS differences among four subgroups (HRP—/HRI-,
HRP—/HRI+, HRP+/HRI-, HRP+/HRI+) in the training (F) and internal validation (G) sets. (H and I) Confusion matrices of the HRI-score for predicting high-risk pathological
features in the training (H) and internal validation (I) sets. HRI, high-risk image feature; HRP, high-risk pathologic feature. P values were calculated using the Log rank test.
Numbers at risk are shown below each plot.

Discussion

This study highlights that preoperative noninvasive assessment of HRP in HCC is of significant clinical importance for
prognostic evaluation and treatment decision-making. In this multicenter study involving 994 patients with BCLC stage
0/A HCC, we developed and validated a practical MRI-based scoring system (HRI-score) by combining preoperative
AFP levels with standard LI-RADS imaging features. In both the training set (AUC = 0.813) and the internal validation
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Table 4 Predictors for Recurrence Based on Cox Regression Analyses

Characteristics Univariable Multivariable
Hazard Ratio P-value | Hazard Ratio P-value

Sex (female vs. male) 1.37(1.03-1.81) 0.031 1.28(0.96-1.71) 0.0932

Age, years (< 65 vs. 265) 1.01(0.79-1.29) 0.938

Aspartate aminotransferase, U/L (< 40 vs. 240) 1.42(1.15-1.75) | 0.001 1.25(1-1.55) 0.0465

Alanine aminotransferase, U/L (< 50 vs. 250) 1.16(0.93—1.45) 0.178

Gamma-glutamyl transferase, U/L (< 60 vs. 260) | 1.47(1.2-1.81) <0.001 1.23(0.98-1.53) 0.0706

Alkaline phosphatase, U/L (< 125 vs. 2125) 1.04(0.77-1.4) 0.808

Total bilirubin, umol/L (< 21 vs. 221) 1.12(0.86—1.46) 0.413

Direct bilirubin, umol/L (< 3.4 vs. 23.4) 1.23(1-1.52) 0.054

Cirrhosis (absent vs. present) 1.4(1.03-1.9) 0.033 1.39(1.02-1.9) 0.0372

Tumo number (unifocal vs. multifocal) 1.25(0.77-2.03) 0.371

Tumor size, mm (< 50 vs. 250) 1.67(1.35-2.05) | <0.001 1.45(1.17-1.8) 0.0008

Adjuvant therapy (no vs. yes) 0.87(0.7-1.08)

HRI (negative vs. positive) 1.63(1.31-2.03) | <0.001 1.52(1.21-1.89) | 0.0002

Notes: Unless stated otherwise, data in parentheses are 95% confidence intervals. P values<0.05 are highlighted in bold. To avoid
overfitting, variables with P<0.05 at the univariable Cox regression analyses were analyzed in the multivariable Cox regression models.
Abbreviation: HRI, high-risk image.

set (AUC = 0.747), the model demonstrated strong discriminative performance for HRP. More importantly, the HRI-score
successfully identified patients at higher risk of postoperative recurrence and offered additional prognostic information
beyond traditional clinicopathological factors.

Notably, with a comparatively high PPV, the HRI-score mainly serves as a “rule-in” tool, which makes it possible to
identify patients with aggressive tumor biological behavior. However, it is inappropriate to consistently exclude low-risk
individuals. We further examined postoperative recurrence in HRI-negative patients to overcome this limitation. The
findings indicate that within this subgroup, imaging features such as tumor morphology, non-rim arterial phase
hyperenhancement, nonperipheral washout, and transient hepatic parenchymal enhancement differ significantly between

patients with and without recurrence. These results imply that patients who are HRI-negative still exhibit some degree of
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Figure 4 Distribution and stratification performance of the HRI-score in relation to HRP and clinical subgroups. (A) Sankey diagram illustrating the relationship between
HRP status (negative vs positive) and HRI-score classification (HRI- vs HRI+). (B) Distribution of HRI-score (HRI- vs HRI+) across different clinical subgroups, including AFP
level (<400 ng/mL), AJCC stage I, CNLC stage |, and tumor size (<50 mm). Proportions are presented within each subgroup.

Abbreviations: HRP, high-risk pathologic feature; HRI, high-risk image feature; AFP, o-fetoprotein; AJCC, American Joint Committee on Cancer; CNLC, China Liver
Cancer Staging System.

Journal of Hepatocellular Carcinoma 2026:13 hetps: 9



Li et al

>

HRP+ - No adjuvant - Adjuvant

o

HRI+ No adjuvant - Adjuvant

— 1.00 = 1.001
g 2
1S S
3 >3
0 0.75- » 0.757
2 2
T T
9 0.50 9 0.501
C C
o o
3 0.25; 3 0.251
[0} [O)
= p=0.16 = p =0.048
0.00/ 0.00+
0 25 50 75 100 125 0 25 50 75 100 125
Follow up time (m) Follow up time (m)
Number at risk Number at risk
433 204 132 61 22 0 333 148 94 42 14
280 157 111 63 20 0 169 86 15 34 12 0
C HRP- No adjuvant - Adjuvant D HRI- No adjuvant - Adjuvant
= 1.004 = 1.001
T 1.00 g
S =
® 0.75] ® 0.75
3 3
g 050 8 0.501
o g
3 0.25 3 025
[0} ()
o p=0.9 = p =043
0.00- 0.001
0 30 60 90 120 0 25 50 75 100 125
Follow up time (m) Follow up time (m)
Number at risk Number at risk
89 45 21 4 1 221 128 78 38 11 0
— 56 34 13 4 1 - 135 92 61 28 12 0

Figure 5 Association between adjuvant therapy and recurrence-free survival (RFS) stratified by HRP and HRI-score. (A and B) Kaplan-Meier curves of RFS comparing
patients with and without adjuvant therapy in the HRP+ (A) and HRI+ (B) subgroups. (C and D) Kaplan—Meier curves of RFS comparing patients with and without adjuvant
therapy in the HRP— (C) and HRI—- (D) subgroups. P values were calculated using the Log rank test. Numbers at risk are shown below each plot.

Abbreviations: HRP, high-risk pathologic feature; HRI, high-risk image feature.

heterogeneity, and additional imaging features may offer complementary benefits for enhancing risk stratification.
Consequently, to lower the risk of underestimation due to false-negative results, a thorough assessment that includes
additional clinical and imaging data is still required for patients deemed low-risk by the HRI-score.

The HRI-score combines preoperative AFP levels with three LI-RADS imaging features: irregular tumor morphology,
nonperipheral washout, and intratumoral hemorrhage. The feasibility and generalizability of the model are ensured by the

fact that all of these variables are obtained from routine clinical examinations and exhibit strong reproducibility. Among
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these, irregular tumor morphology was given a comparatively higher weight, which is in line with previous research
demonstrating that this feature is closely associated with poor tumor differentiation, a higher Edmondson—Steiner grade,
increased risk of MVI, and capsule disruption,*' all of which are indicators of more aggressive tumor biological behavior.
From a biological standpoint, irregular morphology could be a reflection of an infiltrative growth pattern and the tumor
microenvironment’s structural heterogeneity. The predominance of arterial blood supply within the tumor and decreased
portal venous perfusion may be linked to nonperipheral washout, an important LI-RADS feature that causes rapid
contrast washout during the portal venous phase.?” This hemodynamic change is closely linked to tumor dedifferentiation
and has been repeatedly demonstrated in this and previous studies to be correlated with lower RFS.** Additionally, it is
generally believed that intratumoral hemorrhage is caused by rupture of newly formed vessels in rapidly growing tumors,
which is an indirect reflection of increased angiogenic activity, hypoxic status, and invasive potential.>*** The most
popular biomarker for HCC detection and surveillance is AFP. Tumor size, vascular invasion, and differentiation are all
correlated with AFP levels.”>?® The HRI-score offers a multidimensional assessment of tumor biological behavior by
merging these imaging biomarkers with the traditional serum marker AFP. This imaging—biomarker integrated model
provides a potent tool for preoperative risk stratification in early-stage HCC by enabling a more thorough and
biologically significant assessment of tumor aggressiveness.

When compared to previous research, the current model demonstrates the clinical benefits of performing preoperative
noninvasive assessment. Although several studies have suggested scoring systems based on postoperative pathological
findings,?” these methods cannot direct treatment choices before surgery. Contrastingly, the HRI-score fills the crucial
gap by allowing risk stratification at a clinically actionable time point when treatment plans are still adjustable We
discovered that while the HRI-score more accurately identified patients who actually benefited from adjuvant therapy,
patients classified as “high-grade” according to postoperative pathological definitions did not always benefit from it. This
implies that while preoperative models that include imaging and serological data may better capture a tumor’s biological
characteristics and support personalized treatment, traditional pathological assessment may fall short in accurately
predicting treatment response. According to additional stratified analysis, RFS decreases in a stepwise manner across
combined HRP and HRI groups (HRP—/HRI- > HRP—/HRI+ > HRP+/HRI— > HRP+/HRI+). This result suggests that
traditional pathological features significantly supplement the HRI-score, allowing for additional improvements in patient
stratification across various risk levels. Importantly, patients who are HRI-positive exhibited a significantly worse
prognosis than patients who are HRI-negative, even within the HRP-negative subgroup, indicating that a subset of
biologically aggressive tumors may go undetected by pathological evaluation alone, even in patients deemed low-risk.
These findings indicate that the HRI-score enhances prognostic information provided by traditional pathological assess-
ment instead of replacing it. This enhancement allows for more accurate and clinically significant risk stratification.

This study confirms earlier findings that adjuvant TCM therapy may enhance survival outcomes in specific high-risk
patients after controlling for variations in BCLC stage 0/A. Notably, the HRI-score appears to work better as a “rule-in”
tool for determining which patients would benefit from intensified treatment. The HRI-score has two significant uses
from a clinical translation perspective. First, while patients who are HRI-negative may be treated with standard surgical
approaches along with intensified postoperative surveillance, preoperative identification of patients who are HRI-positive
may help surgeons consider more aggressive operative strategies, such as wider resection margins or anatomic
hepatectomy. Second, our findings demonstrated that there was no significant survival benefit from adjuvant treatment
when stratification was based only on pathological high-risk features. However, RFS significantly improves among
patients who are HRI-positive following stratification using the HRI-score. This implies that imaging-based biomarkers
could facilitate more accurate postoperative intervention strategies and help optimize patient selection. Significantly,
adjuvant therapy regimens that included Huaier granules were linked to improved prognostic outcomes among patients
who were HRI-positive. Huaier, a popular formulation in traditional Chinese medicine,”®** has been suggested to have
antitumor effects through multiple mechanisms, such as regulating tumor proliferation, inducing apoptosis, and modulat-
ing the tumor immune microenvironment. Our results further support its potential benefit in this particular high-risk
population after minimizing the impact of stage imbalance. However, these results should be interpreted cautiously.
Residual confounding factors cannot be fully eliminated, given that the study was non-randomized. Therefore, these
findings are mainly hypothesis-generating and need to be validated by future prospective multicenter studies.
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This study has several limitations. First, using adjuvant therapy was decided by multidisciplinary individualized decision-
making rather than being assigned randomly, which may introduce selection bias. Although PSM was used to adjust certain
confounding factors, residual bias cannot be completely ruled out. Second, HBV infection was the main etiological factor, and
the study population was entirely Chinese. Therefore, more research is required to validate the generalizability of the HRI-
score and the therapeutic benefit of Huaier granules in other populations with various etiologies. To further confirm the results
of this study, more extensive and prospective multicenter international research is required.

Conclusion

In conclusion, we developed a useful preoperative scoring system (HRI-score) that can noninvasively predict high-risk
pathological features in BCLC 0/A HCC based on routine LI-RADS imaging features and preoperative AFP. This system
enables preoperative prognostic stratification and precise identification of patients who may benefit from adjuvant
therapy. The HRI-score offers new support for tailored treatment decisions in early-stage HCC as a simple, repeatable,
and clinically accessible tool that may be enhanced with the potential to optimize clinical management and improve
patient outcomes.
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