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Purpose: Hepatocellular carcinoma (HCC) Spontaneous rupture (stHCC) is a life-threatening complication with a high mortality rate;
however, no integrated predictive tool exists. This study aimed to develop and validate a novel nomogram (SR-HCC score) for stHCC
risk prediction using a combination of clinical, radiological, and laboratory parameters.

Methods: This retrospective cohort study included 186 HCC patients from The Third People’s Hospital of Kunming (2010-2025),
randomly split into training (80%) and validation (20%) sets. Covariates included demographic, tumor-related, and laboratory indices.
Univariate and multivariate logistic regression analyses were used to identify independent predictors that were integrated into the
nomogram. Model performance was evaluated using Receiver Operating Characteristic (ROC) curves (discrimination) and calibration
curves.

Results: Key independent predictors of stHCC included tumor diameter (3—5 cm and 5-10 cm), number of tumors (2-3), capsular
protrusion, Alpha-Fetoprotein (AFP) >100 ng/mL, moderate AALT (0-200 U/L, inverse association), and AAST >200 U/L. The
nomogram achieved excellent discrimination (Area Under the Curve, AUC = 0.9617 in the training set; 0.9630 in the validation set)
and good calibration, with predicted probabilities that closely matched the observed outcomes.

Conclusion: SR-HCC score is a reliable and user-friendly tool for individualized stHCC risk stratification. This enables clinicians to
prioritize preventive interventions and optimize surveillance, especially in resource-limited settings, ultimately improving patient
outcomes by preventing catastrophic ruptures.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most common and deadly cancers worldwide. In China, it is the fourth
leading causes of new cancer cases, and the second leading cause of cancer death.’

In addition to the underlying liver disease, HCC-related death is the most common cause of progressive
Hepatocellular Carcinoma, (HCC) patients.” Spontaneous rupture of HCC (stHCC) is one such complication. It
represents a rapid, life-threatening complication with a mortality rate from 25% to 75% according to different research
papers.®~ In recent years, the incidence of stHCC has increased, reaching as high as 10-15% in some parts of Asia.®
Once rupture occurs, most patients with early-stage HCC lose the opportunity for radical treatment such as surgery or
transplantation. Rupture is a contraindication for liver transplant exception points, and downstaging to meet the transplant
criteria is rarely feasible.” Identifying patients at high risk of rupture allows clinicians to prioritize treatment, implement
preventive strategies, and closely monitor these individuals, especially in settings with limited healthcare resources.®
Early prediction enables timely intervention to prevent catastrophic outcomes.’
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While previous studies have identified isolated predictors such as tumor size or arterial enhancement patterns, they
lack integration into actionable models. The absence of validated early predictive tools that integrate readily available
clinical and radiological parameters creates a critical gap in personalized risk assessment.

These models do not include commonly used clinical or laboratory variables that can further refine the risk
prediction.” Notably, no study has synergized (1) biochemistry markers (eg. alanine aminotransferase, aspartate amino-
transferase, albumin, a-fetoprotein), (2) coagulopathy indices (eg. prothrombin time), and (3) demographic character-
istics into a unified scoring system—a gap our study addresses.

Recent advances in predictive modeling have highlighted the value of integrated ensemble algorithms and multi-
dimensional feature combinations in improving model stability and accuracy. Fitriyani et al® proposed a novel predictive
framework using bagging, histogram gradient boosting, and systematic feature selection, which effectively enhanced
model performance and generalizability in complex disease risk assessment. Meanwhile, in the field of HCC research,
a recent molecular prognostic study demonstrated that integrated multi-feature modeling can effectively improve risk
stratification by capturing heterogeneous biological characteristics. These cutting-edge approaches confirm that hybrid
ensemble learning and comprehensive variable integration help build more robust and clinically applicable predictive
models.'® Such innovative modeling frameworks offer valuable insights for HCC rupture prediction, highlighting the
potential to move beyond traditional single-algorithm approaches to capture the multifaceted biological and clinical
drivers of srHCC.

In this study, we developed a novel nomogram (SR-HCC score) that integrates biochemical, radiological, and clinical
parameters for predicting spontaneous HCC rupture. This tool aims to guide preemptive transarterial embolization or
surgical decisions and optimize surveillance interventions. It empowers clinicians—especially in resource-limited
settings—to identify high-risk HCC patients early, prioritize preventive interventions (eg., transarterial embolization),
and optimize surveillance strategies. While this integrative approach represents a methodological advance, the findings
should be interpreted with appropriate caution given the retrospective, single-center design of the study. Further
validation is needed before definitive conclusions can be drawn regarding generalizability and clinical implementation.

Methods
Study Design and Populations

This retrospective cohort study aimed to develop and internally validate a predictive nomogram for the risk of stHCC.
We retrospectively identified a consecutive cohort of patients diagnosed with primary hepatocellular carcinoma at the
Liver Center, the Third People’s Hospital of Kunming, China, between January 2010 and January 2025.

Inclusion criteria were strictly defined as follows: (1) A definitive diagnosis of primary HCC confirmed either by
histopathological examination (surgical resection or percutaneous biopsy specimens) or by clinical-radiological diag-
nostic criteria in line with the Standard for Diagnosis and Treatment of Primary Liver Cancer (2024 Edition) issued by
the National Health Commission of the People’s Republic of China;'' (2) Complete clinical, radiological, laboratory, and
follow-up data available for retrospective analysis; (3) Spontancous HCC rupture (for the ruptured group) diagnosed by
a composite of: typical clinical manifestations (acute-onset severe abdominal pain with or without hypovolemic shock),
characteristic radiological findings (disruption of the peritumoral liver capsule, perihepatic hemoperitoneum, or enhanced
fluid collection adjacent to the HCC lesion on contrast-enhanced computed tomography (CT), magnetic resonance
imaging (MRI), or contrast-enhanced ultrasound), and/or positive diagnostic abdominocentesis (bloody ascites) or digital
subtraction angiography (DSA) evidence of tumor bleeding. As this was an exploratory retrospective study, a formal
sample size calculation or power analysis was not performed prior to data collection. The study population included all
consecutive eligible patients with HCC treated at our center between 2010 and 2025, representing the complete available
cohort for this rare outcome of spontaneous tumor rupture.

Exclusion criteria included: (1) Incomplete clinical, radiological, or laboratory data (eg., missing baseline/follow-up
ALT/AST, AFP, or tumor imaging parameters) that precluded full covariate analysis and risk assessment; (2) Comorbid
end-stage organ dysfunction meeting clinical diagnostic criteria: New York Heart Association (NYHA) Class III/IV heart
failure, stage 4/5 chronic kidney disease (estimated glomerular filtration rate <30 mL/min/1.73m?) or acute renal failure
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requiring renal replacement therapy, and acute respiratory failure or end-stage lung disease requiring mechanical
ventilation; (3) Concurrent malignant tumors of other organs (synchronous or metachronous); (4) Iatrogenic or traumatic
HCC rupture induced by invasive procedures (eg., percutaneous biopsy, transarterial intervention) or abdominal trauma;
(5) Severe coagulopathy unrelated to HCC (eg., congenital coagulation factor deficiency, immune thrombocytopenic
purpura) that could independently cause abdominal bleeding. A total of 186 patients were included in the analysis, and
the entire cohort was randomly divided into training and validation sets in a ratio of 8:2.

Outcome Variable

In this study, the outcome variable was stHCC, which was confirmed through a comprehensive review of clinical records
and imaging reports (including computed tomography, CT, or MRI). Patients were categorized into ruptured and non-
ruptured groups based on this outcome.

Covariates

In this study, covariates included age (<60 years and >60 years) and gender (male and female), tumor diameter (<3 cm,
3-5 cm, 5-10 cm, and >10 cm), number of tumors (1, 2-3, and >3), involvement of liver segments S7 or S8 (S7/S8) (yes,
no), and hepatic capsular protrusion (yes, no), vascular involvement (yes, no), abdominal lymph node metastasis (yes,
no), portal vein tumor thrombus (yes, no), prothrombin time activity difference, (APTA;calculated by last PTA minus
baseline PTA), alpha-fetoprotein (AFP; <100ng/mL and >100ng/mL), albumin (ALB; <30 g/L and >30 g/L), alanine
aminotransferase difference (AALT; <0 [U/mL, 0-200 IU/mL, >200 IU/mL, calculated by last ALT minus baseline ALT),
and aspartate aminotransferase difference (AAST; <0 IU/mL, 0-200 IU/mL, >200 IU/mL, calculated by last AST minus
baseline AST).

The cut-off values for continuous variables including age, AFP, AALT, and AAST were determined based on
previously published literature, rather than arbitrary median splits or post hoc ROC analysis. For AFP, the cut-off of
<100 ng/mL vs >100 ng/mL is a well-validated threshold in HCC research and clinical practice, identifying patients with
higher tumor burden, aggressiveness, and complication risk.'? For ALB, <30 g/L vs >30 g/L reflects clinically significant
impairment of hepatic synthetic function, a key determinant of HCC progression and rupture risk, as validated in studies
including."®> The dynamic changes of ALT and AST have been proven to reflect progressive hepatocyte injury and
aggressive tumor biological behavior in HCC patients in recent predictive model studies. These studies demonstrated that
AST/ALT >200 IU/mL correlates with severe hepatocyte injury, aggressive tumor biology, and elevated risk of
spontaneous HCC rupture, while <0 indicates stable or improving liver enzyme levels.'*'* Anatomically, liver segments
S7/S8 are superficial and capsule-adjacent regions with a higher inherent rupture tendency, which has been validated in
prior HCC complication risk scoring systems.'?

Liver segments S7/S8 were selected because these segments are anatomically superficial, adjacent to the liver capsule,
and clinically recognized as high-risk locations for spontaneous HCC rupture.'* Other segments were not included due to
their lower observed association with rupture risk in clinical practice and prior studies.

People used to evaluate long-term survival outcomes after hepatectomy in hepatocellar carcinoma by studying
changes in serum transaminases.'>'® In our study, AALT and AAST were calculated as the difference between the last
value before rupture (or end of follow-up) and the baseline value. This model represents a static retrospective risk
prediction tool rather than a real-time dynamic or prospective prediction system, which may limit its real-time clinical
applicability.

The 2022 version of the BCLC classification also underscores the importance of liver function and AFP level, as well
as tumor burden, when considering treatment strategies for HCC patients."”

Statistical Analysis

All statistical analyses were performed using R 4.2.2, with a two-sided P-value < 0.05, considered statistically significant.
Categorical variables were presented as frequencies and percentages, and differences between groups were assessed
using the chi-square test. Continuous variables were expressed as mean + standard deviation and compared using #-tests.
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Variables that were statistically significant or demonstrated potential clinical relevance in the univariate analysis were
included in the multivariate logistic regression model.

A nomogram was constructed to predict the risk of spontaneous rupture. Model performance was evaluated using the
area under the ROC curve (AUC) for discrimination and calibration curves for agreement between predicted and
observed probabilities.

Ethics

This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board
and Ethics Committee of the Third People’s Hospital of Kunming.

Results

Participant Characteristics

As shown in Table 1, of 186 patients with hepatocellular carcinoma, 94 had non-ruptured tumors and 92 had ruptured
tumors. There were no significant differences in age or gender between the two groups (both P> 0.05). In contrast,
ruptured cases were characterized by significantly larger tumor diameters, a greater number of tumor nodules, and
a higher proportion of lesions located in hepatic segments S7/S8. The presence of capsular protrusion, vascular invasion,

Table | Univariate Analysis

Variate Prognosis Statistic | P value

Non-Ruptured Ruptured

Age (n=186)
<60 years old 66(70.2) 67(72.8) 0.156 0.693
260 years old 28(29.8) 25(27.2)

Gender (n=186)

Male 86(91.5) 77(83.7) 2.606 0.106

Female 8(8.5) 15(16.3)

Tumor diameter (n=184)

<3cm 43(45.7) 2(22) 56017 | <0.001
3-5cm 13(13.8) 6(6.7)

5-10cm 18(19.2) 38(422)

>10cm 20(21.3) 44(48.9)

Numbers of tumor (n=184)

| 54(57.4) 20(22.2) 29.002 <0.001
2-3 15(16.0) 12(13.3)
>3 25(26.6) 58(64.5)
Liver segments (n=185)
Non- S7/S8 40(42.5) 14(15.4) 16.512 <0.001
S7/S8 54(57.5) 77(84.6)

(Continued)

4 https: Journal of Hepatocellular Carcinoma 2026:13



Gao et al

Table | (Continued).

Variate Prognosis Statistic | P value

Non-Ruptured Ruptured

Protruding liver capsule (n=183)

No 71(75.5) 14(15.7) 65728 | <0.001

Yes 23(24.5) 75(84.3)

Vascular involvement (n=183)

No 81(86.2) 47(52.8) 24204 | <0.001

Yes 13(13.8) 42(472)

Abdominal lymph node metastasis (n=184)

No 88(93.6) 58(64.4) 23878 | <0.001

Yes 6(6.4) 32(35.6)

Portal vein tumor thrombus (n=183)

No 78(83.0) 25(28.1) 55977 | <0.001
Yes 16(17.0) 64(71.9)

A PTA (n=171) ~352+1054 | —10.18+17.74 | 3.033 0.003
AFP (n=184)

<100 70(74.5) 25(27.8) 40.135 | <0.001
2100 24(25.5) 65(72.2)

ALB (n=185)

<30 17(18.1) 50(54.9) 27.195 | <0.00!
>30 77(81.9) 41(45.1)

A ALT (n=173)

<0 40(44.0) 31(39.2) 14.681 0.001
0-200 50(54.9) 34(43.0)

>200 1(1.1) 14(17.7)

A AST (n=173)

<0 59(63.4) 27(35.0) 30253 | <0.00!
0-200 33(35.5) 28(36.4)

>200 1(1.1) 22(28.6)

portal vein tumor thrombus, and abdominal lymph node metastasis was also markedly more frequent in the ruptured
group (all P < 0.001). In terms of laboratory findings, patients with ruptured tumors exhibited greater decreases in PTA,
lower ALB levels, higher AFP concentrations, and greater changes in ALT and AST levels than those without rupture (all
P < 0.05). This relatively high overall rupture rate of approximately 50% in the current cohort is mainly attributed to
single-center referral bias and admission selection: our institution is a regional specialized liver disease center, which

preferentially admits advanced and high-risk HCC patients with severe complications, including clinically suspected or
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acute ruptured tumors, thereby leading to an elevated proportion of rupture cases compared with unselected general HCC
populations.

Factors Associated with Tumor Rupture

Multivariate logistic regression (Table 2) was performed to identify variables independently associated with tumor
rupture. Compared with tumors <3 cm, lesions measuring 3—5 cm (OR = 26.848, 95% CI: 1.597-451.291, P = 0.022) and
5-10 cm (OR = 18.063, 95% CI: 1.337-244.107, P = 0.029) were more likely to rupture. Patients with two—three tumors
had a higher likelihood of rupture than those with a single lesion (OR = 13.744, 95% CI: 1.479-127.700, P = 0.021),
whereas cases with more than three tumors did not show a significant difference (P = 0.828). The presence of capsular
protrusion was strongly associated with rupture (OR = 12.545, 95% CI, 2.470-63.701; P = 0.002). Patients with AFP

Table 2 Multivariate Analysis

Variables OR Lower 95% CI | Upper 95% CI | P
Age (n=186)

<60 years old Ref

260 years old 1.069 0.290 3.935 0.920

Gender (n=186)

Male Ref

Female 0.402 0.053 3.041 0.377

Tumor diameter (n=184)

<3cm Ref

3-5cm 26.848 1.597 451.291 0.022
5-10cm 18.063 1.337 244.107 0.029
>[0cm 16.271 0.963 274.824 0.053

Numbers of tumor (n=184)

| Ref

2-3 13.744 1.479 127.700 0.021
>3 1.194 0.239 5.962 0.828
Liver segments (n=185)

Non- S7/S8 Ref

S7/S8 1.193 0.280 5.083 0.8l11
Protruding liver capsule (n=183)

No Ref

Yes 12.545 | 2.470 63.701 0.002
Vascular involvement (n=183)

No Ref

Yes 0.187 0.031 1.133 0.068

(Continued)
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Table 2 (Continued).

Variables OR Lower 95% CI | Upper 95% Cl | P
Abdominal lymph node metastasis (n=184)

No Ref

Yes 4.085 0.839 19.876 0.081
Portal vein tumor thrombus (n=183)

No Ref

Yes 4.047 0.817 20.047 0.087
A PTA (n=171) 0.965 0.923 1.009 0.118
AFP (n=184)

<100 Ref

=100 6.228 1.692 22.928 0.006
ALB (n=185)

<30 Ref

>30 0.299 0.079 1.133 0.076
A ALT (n=173)

<0 Ref

0-200 0.055 0.008 0.366 0.003
>200 0.038 0.001 4.999 0.189
A AST (n=173)

<0 Ref

0-200 23.151 3.435 156.032 0.001
>200 382.878 | 3.405 43048.630 0.014

Abbreviations: APTA, prothrombin time activity difference; AFP, alpha-fetoprotein; ALB, albumin; AALT alanine aminotransfer-
ase difference; A AST aspartate aminotransferase difference.

levels >100 ng/mL had a higher likelihood of rupture than those with AFP levels <100 ng/mL (OR = 6.228, 95% CI,
1.692-22.928; P = 0.006). Moderate increases in ALT levels (0-200 U/L) were inversely associated with rupture (OR =
0.055, 95% CI: 0.008-0.366, P = 0.003), whereas elevated AST levels (>200 U/L) were closely associated with rupture
(OR = 382.878, 95% CI, 3.405-43,048.630; P = 0.014). Other clinical and pathological variables showed no statistically
significant associations (P > 0.05).

Nomogram Model

A nomogram model (Figure 1) was developed based on the results of the multivariate logistic regression analysis and
previous literature. The model included age, gender, tumor diameter, number of tumors, liver segments, capsular
protrusion, vascular involvement, abdominal lymph node metastasis, portal vein tumor thrombus, PTA, AFP, ALB,
AALT, and AAST levels. Each variable was assigned a score on the corresponding scale, and the sum of all the scores
represented the total score. The total points were then mapped to the probability of tumor rupture, as shown at the bottom
of the nomogram. A higher total score indicated an increased likelihood of rupture, allowing for individualized
estimation of bleeding risk in patients with hepatocellular carcinoma.
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Figure | Nomogram model.

Discrimination and Validation of the Nomogram Model

The dataset was randomly divided into training and validation sets in a ratio of 8:2 to evaluate the performance of the
nomogram model. The discriminative ability of the model was assessed using receiver operating characteristic (ROC)
curve analysis. In the training set, the area under the ROC curve (AUC) was 0.9617, indicating excellent discrimination
between ruptured and non-ruptured hepatocellular carcinoma (Figure 2). In the validation set, the AUC was 0.9630,
indicating consistent discriminative performance (Figure 3). These findings suggest that the nomogram provides a stable
and reliable differentiation of rupture risk across both datasets.

Calibration of the Nomogram Model

Calibration curves were constructed to evaluate the agreement between the predicted and observed probabilities of tumor
rupture. In both the training and validation sets (Figures 4 and 5), the calibration plots show that the predicted
probabilities were closely aligned with the actual outcomes. The bias-corrected curves nearly coincided with the ideal
reference line, indicating good calibration of the nomogram model and that the model’s predicted risks accurately
reflected the observed probabilities.

Discussion

Our study developed and validated a novel risk prediction nomogram—the SR-HCC score—for spontaneous rupture in
HCC patients, a critical clinical gap with no integrated predictive tools to date. This model integrates readily accessible
clinical, radiological, and laboratory parameters (exploiting both traditional tumor factors and novel AALT/AAST
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Figure 2 ROC curve of the model in the training set. The area under the ROC curve (AUC) was 0.9617.
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Figure 3 ROC curves of the prediction model. Validation set the AUC was 0.9630.

indices) and exhibits excellent predictive performance, with an AUC of 0.9617 in the training cohort and 0.9630 in the
validation cohort. Such robust discriminative ability enables accurate stratification of HCC patients into distinct rupture
risk categories, laying a solid foundation for personalized clinical management.

Our findings align with previous studies that identified tumor size, liver functional reserve,'® and AFP as key
determinants of HCC rupture risk. Of note, our multivariate analysis revealed a non-monotonic relationship between
tumor diameter and rupture risk, with the highest risk observed in tumors 3—5 cm (OR = 26.8), followed by 5-10 cm (OR
= 18.1), whereas tumors >10 cm did not reach statistical significance (P = 0.053). This pattern appears to contradict the
conventional clinical assumption that larger tumors carry higher rupture risk.'"* However, this non-monotonic trend is
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Figure 4 Calibration curves of the prediction model in the training sets.
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Figure 5 Calibration curves of the prediction model in the Validation sets.

most likely attributable to the small subgroup sample size, particularly for tumors >10 cm, which reduced statistical
power and led to unstable odds ratio estimates. Biologically, tumors measuring 3—5 cm often exhibit rapid growth, high
intratumoral pressure, incomplete capsule formation, and fragile neovascularization, all of which predispose to acute
rupture.'*'*2% In contrast, larger tumors (>10 cm) may develop more extensive internal necrosis or fibrosis, which could
lower immediate rupture risk. This finding should be interpreted cautiously and requires confirmation in larger cohorts.
Notably, we extend previous research by incorporating dynamic AALT and AAST changes as potential independent
prognostic factors for stHCC. To our knowledge, few prior studies have specifically explored and validated the
relationship between longitudinal liver enzyme variation and spontaneous HCC rupture. Elevated ALT/AST levels reflect
progressive hepatocyte injury, which correlates with more aggressive and advanced HCC phenotypes; this mechanistic
link not only explains the observed rupture risk association but also enriches the biological understanding of stHCC

pathogenesis.”' Consistent with existing evidence,***

we further confirm that high AFP levels augment rupture risk
through multiple pathways, including increased tumor vascularity, rapid proliferation, and poor differentiation, reinfor-
cing the clinical relevance of AFP in srHCC risk assessment.

Several variables that were not statistically significant in multivariate analysis—including age, gender, vascular
invasion, abdominal lymph node metastasis, portal vein tumor thrombus, and albumin—were still incorporated into
the nomogram. These variables were retained based on strong clinical relevance and well-established biological
plausibility from previous studies, as they are closely linked to tumor aggressiveness, liver functional reserve, and

24-26

disease severity in HCC patients. In clinical prediction model development, including variables with recognized

clinical importance improves model robustness, generalizability, and clinical interpretability, even if they do not reach
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statistical significance in a single-center cohort with a relatively small sample size. Thus, these variables were included to
ensure the nomogram reflects comprehensive clinical practice rather than statistical results alone.

Adopting a nomogram for model visualization further amplifies the SR-HCC score’s clinical utility. Nomograms
translate complex statistical models into a user-friendly graphical format, enabling frontline clinicians to perform rapid
bedside risk estimation without specialized statistical expertise.>’ This design is particularly valuable for clinical practice,
as it bridges the gap between research findings and actionable decision-making.

Potential Clinical Implications of the SR-HCC Nomogram

The SR-HCC score offers distinct and practical clinical value for HCC management, especially in resource-limited
settings where advanced predictive tools are scarce and srHCC-related mortality remains high. First, it enables rapid
bedside risk stratification, allowing clinicians to identify high-risk patients and prioritize timely preemptive interventions
(eg., transarterial embolization, elective surgical resection) to mitigate life-threatening rupture and preserve curative
treatment opportunities—an unmet need in current stHCC care. Second, for moderate and low-risk patients, the model
optimizes personalized surveillance strategies (eg., adjusted imaging follow-up intervals), balancing rigorous risk
monitoring with rational utilization of limited healthcare resources and reducing unnecessary clinical procedures.
Third, constructed with routinely collected clinical parameters (no specialized testing or equipment required), the
nomogram has broad applicability in primary hospitals and regional medical centers, addressing the global disparity in
HCC care access. Additionally, it serves as an effective communication tool, helping clinicians explain individual rupture
risk to patients and families, and facilitating informed shared decision-making to improve treatment and surveillance
adherence.

Study Limitations

While the SR-HCC score demonstrates strong predictive performance and clinical potential, this study has several
limitations that warrant objective consideration—and which our subsequent research aims to address. First, this is
a single-center retrospective cohort study with 186 patients, which may introduce selection bias and temporarily limit
the model’s generalizability to HCC populations with distinct ethnic backgrounds or underlying liver disease etiologies.
Second, model validation currently relies solely on an internal 80:20 random split, which represents weak form of model
assessment. The small validation set of only approximately 37 patients is insufficient to produce stable AUC estimates,
and the nearly identical AUC values between training and validation sets may reflect random sampling variation rather
than genuine generalizability. External validation from independent institutions or different time periods is therefore
essential to confirm real-world performance. Third, the total sample size of 186 patients with 92 rupture events is
underpowered for 14 covariates included in the multivariate model, failing to meet the conventional criterion of 10-20
events per variable for logistic regression. This issue increases the risk of overfitting and leads to wide confidence
intervals and unstable odds ratio estimates, such as the exceptionally high OR for AAST >200 U/L. In addition, as an
exploratory retrospective investigation of a relatively rare complication, a formal a priori sample size calculation or
power analysis was not performed. The modest sample size may reduce statistical power and increase the risk of
overfitting; these limitations are recognized and highlight the need for subsequent validation in larger, multi-center
populations. Nonetheless, these limitations represent key directions for model refinement, not fundamental flaws in its
core predictive value. In future research, we may draw on the methods of machine learning to further validate and
optimize the model.”® And as many other centers as possible should be included to facilitate better external validation.
Further, we may incorporate penalized regression (eg., LASSO or ridge regression) or bootstrapping which have been
proven effective in stabilizing model parameters and reducing overfitting in limited clinical samples’ to address potential
overfitting, small sample size, or unstable odds ratio estimates. These methods may improve model stability and will be
considered in future larger-scale studies.

Conclusion
The SR-HCC score is a novel, robust, and user-friendly predictive tool that fills a critical clinical gap in stHCC risk
assessment. By integrating traditional tumor factors and novel dynamic liver enzyme indices (AALT/AAST), it achieves
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excellent discriminative ability for spontaneous HCC rupture and enables accurate individualized risk stratification. Its
design with routinely accessible clinical parameters and nomogram visualization ensures broad clinical applicability,
especially in resource-limited settings, where it can guide preemptive interventions, optimize surveillance strategies, and
improve shared decision-making between clinicians and patients—ultimately mitigating life-threatening stHCC events
and preserving curative treatment opportunities for HCC patients.

While the single-center retrospective design and lack of external validation represent current limitations, these are
actionable for future research. Rigorous external validation in large, multi-center prospective cohorts will further confirm
the SR-HCC score’s stability, refine model parameters, and address potential overfitting, thereby strengthening its clinical
impact and translational value. Collectively, this study establishes a promising foundation for stHCC risk management,
and the SR-HCC score has the potential to become a standard clinical tool for personalized HCC care following further
multi-center validation.
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