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Purpose: Hepatitis B virus-related hepatocellular carcinoma poses a significant global health challenge. This study aimed to develop
and validate a novel prognostic nomogram integrating the red blood cell distribution width-to-albumin ratio for predicting patients’
overall survival.

Patients and Methods: A retrospective cohort of 1403 patients was divided into training, internal validation, and external validation
cohorts. A multivariate Cox regression model selected variables to construct a nomogram and an online calculator, which were
subsequently validated.

Results: The ratio emerged as an independent risk factor for long-term survival (hazard ratio: 5.808, 95% confidence interval:
1.721-19.599). A prognostic nomogram incorporating nine variables based on the ratio was developed. Calibration curves demon-
strated high concordance between the predicted and actual 3-year survival rates. Decision curve analysis indicated that the nomogram
significantly increased the net benefit of predicting 3-year survival. Based on the area under the receiver operating characteristic
curves, the nomogram outperformed traditional models in predicting survival across the three cohorts. Patients were stratified into low-
, intermediate-, and high-risk groups based on risk scores calculated from the nomogram. In all cohorts, the median survival time of
the high-risk group was significantly shorter than that of the intermediate- and low-risk groups. An online calculator, deployed via
a web-based platform, facilitated convenient mortality risk prediction for these patients.

Conclusion: The ratio-based nomogram we developed can accurately predict the survival of patients with hepatitis B virus-related
hepatocellular carcinoma, serving as an effective auxiliary tool for clinical personalized treatment and prognostic assessment.
Keywords: albumin, hepatitis B virus-related hepatocellular carcinoma, nomogram, prognosis, red blood cell distribution width

Introduction

Hepatocellular carcinoma (HCC) ranks among the most prevalent malignant tumors worldwide, with approximately
630,000 new cases reported annually.' Notably, over half of these cases are diagnosed in China, where hepatitis B virus
(HBV) infection serves as the primary etiological factor, contributing to around 80% of HCC cases.” Individuals with
chronic HBV infection face a 10- to 15-fold higher risk of developing HCC compared to those without the infection.®
Despite advancements in treatment, the prognosis for HCC remains unfavorable, characterized by a high recurrence rate
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and a 5-year overall survival (OS) rate of merely 18%.*° Consequently, accurately assessing the prognosis of HBV-
associated HCC is critical for tailoring treatment plans and optimizing therapeutic outcomes.

Currently, the Barcelona Clinic Liver Cancer (BCLC) staging system, Tumor Node Metastasis (TNM) staging system,
and Cancer of the Liver Italian Program (CLIP) scoring system are among the most widely utilized clinical prognostic
assessment tools for HCC. Although these models provide insights into the prognosis of patients with HCC, they each
have notable limitations. For example, the BCLC staging system is based on follow-up studies of non-surgical and non-
transplant patients with HCC. However, the underlying data primarily come from small Western cohorts where HCV
infection is the dominant cause, making the system potentially less applicable to Asian countries, especially China, where
HBYV infection is more prevalent.’ Furthermore, the TNM staging system is more suitable for patients undergoing
surgical tumor resection, whereas its predictive power is limited when applied to non-surgical treatments.** The CLIP
scoring system also has its limitations, as the tumor morphology classification it uses may be overly simplistic and not
universally applicable across different regions. Additionally, the CLIP system may lack sensitivity in adequately
stratifying all patient groups, making it difficult to apply in certain clinical scenarios, which limits its usefulness in
management decisions.'®™'® Therefore, developing new HBV-HCC prognostic models as a complementary tool to these
existing systems is crucial.

The red blood cell distribution width (RDW) and albumin (ALB) level serve as markers that reflect the body’s
inflammatory and nutritional status, both of which are intimately linked to tumorigenesis and tumor progression. Smirne
et al® have highlighted the potential role of RDW as an early indicator of mortality risk in patients with HCC. Similarly,
our prior studies demonstrated a notable elevation in RDW levels among individuals with HBV-HCC, reinforcing its
promise as a prognostic biomarker for this population.'* As the most abundant plasma protein, ALB is predominantly
synthesized by the liver. It contributes to key physiological processes, such as plasma volume regulation, immune
modulation, oxidative stress reduction, and safeguarding endothelial cells from apoptosis.'> Evidence has shown that
lower ALB levels are correlated with larger HCC tumors, whereas higher ALB levels can suppress HCC growth,
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invasion, and metastasis.'®'” The RDW to ALB ratio (RAR), a novel inflammatory biomarker that integrates both the
RDW and ALB level, is extensively utilized in the prognostic evaluation of a spectrum of inflammatory conditions. An
increased RAR, reflecting the interplay between systemic inflammation and nutritional status, has been associated not
only with poor prognosis in cardiovascular diseases such as non-ischemic heart failure and post-percutaneous coronary
intervention mortality,’>*' but emerging evidence also suggests its involvement in cancer progression and tumor-related
inflammatory processes, underscoring its potential prognostic value in HBV-HCC.***

Recent methodological frameworks emphasize the importance of rigor and clinical relevance in prognostic model
development.”>° These guidelines informed the design of our model, particularly in aspects such as variable selection,
validation, and generalizability.

In this study, we hypothesized that the RAR could serve as a potential prognostic marker for HBV-HCC. Our goal
was to develop a novel prognostic model for HBV-HCC based on the RAR through a multicenter cohort study. This
model was compared with established systems, including the BCLC, TNM, and CLIP, to evaluate its predictive accuracy.
Ultimately, we aimed to provide a new foundation for the clinical development of personalized treatment strategies
for HCC.

Materials and Methods

Patients

We retrospectively collected data from 4029 patients initially diagnosed with HBV-HCC across three tertiary teaching
hospitals in China. The cohort consisted of 2326 patients from the 900TH Hospital of Joint Logistics Support Force
(900H) diagnosed between 2012 and 2022. Additionally, 1074 and 629 patients were identified at Fujian Medical
University Union Hospital (FJIMUUH) and the First Affiliated Hospital of Sun Yat-sen University (FAHSYSU),
respectively, from 2017 to 2019. Inclusion criteria were: (1) diagnosis of HCC confirmed by computed tomography/
magnetic resonance imaging or pathology; (2) hepatitis B surface antigen detected continuously for over six months; and
(3) no prior antitumor treatment. Exclusion criteria were: (1) co-infection with other hepatitis viruses; (2) concurrent
malignancies; (3) gastrointestinal bleeding within the past six months; (4) concomitant hematologic disorders; and (5)
incomplete clinical or follow-up data. The patient inclusion flowchart is shown in Figure S1. A total of 906 patients from
900H met the selection criteria and were randomly divided into a training cohort (n=604) and an internal validation
cohort (n=302) in a 2:1 ratio. Additionally, 497 patients from FIMUUH and FAHSYSU formed the external validation
cohort.

We retrospectively collected patients’ medical histories and baseline characteristics from the case record system,
including demographic information and laboratory parameters. OS was defined as the interval from radiological
diagnosis to death from any cause or the date of the last follow-up (June 2023). Based on the initial treatment modality,
patients were classified into a local intervention group (surgical group) and a systemic therapy group (non-surgical
group). The local intervention group included hepatic resection, radiofrequency ablation (RFA), and transarterial
chemoembolization (TACE), while the systemic therapy group consisted of targeted therapy, immune checkpoint
inhibitors, chemotherapy, external radiotherapy, and best supportive care (BSC). It should be noted that although
TACE is a minimally invasive procedure, it was classified as a local intervention in this study due to its locoregional
tumor control mechanism.

Development and Validation of a Nomogram

In the training cohort, a forward stepwise Cox regression analysis using the likelihood ratio method was employed for
variable selection. The analysis included 11 continuous variables: age, white blood cell count, neutrophil count,
lymphocyte count (LYMs), red blood cell count, mean corpuscular volume, hematocrit, platelet count, RAR, total
bilirubin (TBIL), and tumor diameter, as well as 12 categorical variables: sex, Child—Pugh grade, alpha-fetoprotein,
HBV DNA, hepatitis B e-antigen status, cirrhosis, number of tumors, portal vein tumor thrombosis (PVTT), metastasis,
hypertension, diabetes, and initial treatment approach. Variables with a p-value < 0.05 were retained for model
construction, and a nomogram prognostic model was subsequently developed.
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Internal and external validation cohorts tested model stability, while receiver operating characteristic (ROC) curves
measured its predictive power for 1-, 2-, and 3-year OS. Additionally, calibration curves were utilized to assess the
predictive model’s accuracy, and decision curve analysis was conducted to determine the clinical utility of the nomogram.

Comparison of Nomogram-Based Risk Classification

The individual risk stratification was computed using the established nomogram, and patients were subsequently
classified into three prognostic subgroups (low, intermediate, and high risk) through optimal threshold values determined
by X-tile 3.6.1 analysis. Kaplan—Meier survival curves were constructed to compare OS among these risk groups, thereby
evaluating the nomogram’s discriminative ability. Additionally, ROC curve analysis was performed to evaluate the
comparative prognostic capability between our nomogram and conventional staging classifications (BCLC, TNM, and
CLIP) in predicting survival outcomes for HBV-associated HCC patients.

Statistical Analysis

To examine whether the variables conformed to a normal distribution, the Kolmogorov—Smirnov test was employed.
Continuous data are presented as mean + standard deviation if normally distributed and as median with interquartile
range (IQR) otherwise. Categorical variables are expressed as counts and percentages. Group comparisons involved the
t-test for normal continuous data, the Mann—Whitney U-test for non-normal continuous data, and the chi-square test for
categorical data. To assess whether the inclusion of our nomogram provided better discriminatory performance compared
to conventional prognostic models, we applied DeLong’s test to evaluate the statistical significance of differences in
AUC values. All statistical analyses were performed using R version 4.1.3 and SPSS version 26.0. A two-tailed p-value <
0.05 was considered statistically significant.

Results

Patient Characteristics

The study cohort comprised 1403 patients in total. Specifically, 906 patients were included from the 900H, with a median
age of 54 (IQR: 46-63) years, comprising 86.2% (781/906) males; 70.6% (640/906) received surgical treatment.
FIMUUH enrolled 379 patients, with a median age of 58 (IQR: 51-65) years, of whom 85% (322/379) were male,
and 94.7% (359/379) underwent surgery. FAHSYSU contributed 118 patients, with a median age of 52 (IQR: 44-60)
years, of whom 91.5% (108/118) were male, and 89.8% (106/118) received surgical treatment. Table 1 presents detailed
baseline characteristics of patients from the three centers. Table S1 provides the baseline characteristics of the training
and internal validation cohorts, showing no statistically significant differences between the groups (all p > 0.05).

Development of the Nomogram
Multivariate Cox regression analysis identified LYM [hazard ratio (HR): 0.715, 95% confidence interval (CI):
0.591-0.865], the RAR (HR: 5.808, 95% CI: 1.721-19.599), TBIL (HR: 1.003, 95% CI: 1.000-1.006), tumor diameter
(HR: 1.062, 95% CI: 1.040-1.085), Child—Pugh grade (HR: 2.125, 95% CI: 1.201-3.759), PVTT (HR: 1.737, 95% CI:
1.342-2.248), tumor number (HR: 1.767, 95% CI: 1.414-2.207), tumor metastasis (HR: 1.360, 95% CI: 1.058-1.749),
and initial treatment modality (HR: 1.842, 95% CI: 1.438-2.358) as independent prognostic factors for long-term OS in
patients with HBV-HCC (Table 2). Among these, the RAR had the highest HR, indicating its significant impact on
prognosis.

Based on multivariate Cox regression findings, we constructed a predictive model (RAR-Nomogram) integrating nine
identified prognostic factors to estimate 1-, 2-, and 3-year overall survival probabilities in HBV-associated HCC patients,
as illustrated in Figure 1.

Validation of the Nomogram Model
The accuracy of the RAR-Nomogram was assessed by evaluating its discriminative power and calibration performance in
both internal and external validation cohorts. Discriminative ability was assessed using the area under the ROC curve (AUC).
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Table | Clinical Characteristics of the Patients in Three Healthcare Facilities

Variables 900H FJMUUH FAHSYSU
Age, years 54 [46—63] 58 [51-65] 52 [44-60]
Gender,

Male/Female 125/781 (13.8/86.2) 57/322 (15.0/85.0) 10/108 (8.5/91.5)
WBC, x10°/L 5.83 [4.58-7.42] 5.52 [4.55-6.95] 5.94 [5.06-7.62]
NEU, x10°/L 3.60 [2.66—4.99] 3.19 [2.49-4.29] 3.60 [2.73—4.44]
LYM, x10°/L 1.41 [1.03-1.86] 1.63 [1.27-2.06] 1.63 [1.25-2.08]
RBC, x10'/L 4.45 [3.92-4.87] 4.56 [4.18-5.02] 4.56 [4.13-5.00]
RDWY, % 13.90 [13.10-15.10] 13.00 [12.40-13.90] 13.00 [13.00-14.00]
HCT, % 40.50 [36.70—44.20] 42.50 [39.30-45.80] 41.50 [36.90-44.05]
MCV, fL 92.70 [88.00-96.23] 92.90 [89.90-95.80] 90.40 [86.35-93.85]
PLT, x10°/L 167.00 [114.75-224.25] | 172.00 [129.00-222.00] | 181.00 [138.00-232.50]
ALT, U/L 39.15 [26.40-70.63] 33.00 [23.00-52.00] 42.00 [32.50-58.00]
AST, U/L 51.60 [32.00-102.00] 37.00 [26.00-61.00] 49.00 [35.50-66.50]
TBIL, umol/L 16.55 [11.50-26.50] 14.60 [10.80—-19.50] 16.50 [12.10-22.05]
ALB, g/L 39.40 [35.2043.70] 39.90 [36.50—43.10] 39.00 [34.70—41.80]
RAR, %/g/L 0.35 [0.31-0.42] 0.33 [0.30-0.37] 0.34 [0.30-0.41]
HBYV DNA,

Negative/Positive 380/526 (41.9/58.1) 137/218 (36.1/57.5) 56/62 (47.5/52.5)
Child-Pugh grade

A 662 (73.1) 337 (88.9) 98 (83.1)

B 198 (21.9) 41 (10.8) 13 (11.0)

C 46 (5.1) I (0.3) 7 (59
AFP,

<400/2400 514/392 (56.7/43.3) 224/140 (59.1/36.9) 68/50 (57.6/42.4)
Cirrhosis,

Nof/Yes 227/679 (25.1/74.9) 125/254 (33.0/67.0) 54/64 (45.8/54.2)
HBeAg,

Negative/Positive 700/206 (77.3/22.7) 337/33 (88.9/8.7) 91/27 (77.1/22.9)
Maximum tumor diameter | 7.30 [3.50-11.31] 5.30 [3.00-9.00] 6.00 [3.70-9.30]
Tumor number,

Single/multiple 409/497 (45.1/54.9) 255/124 (67.3/32.7) 72/46 (61.0/39.0)
PVTT,

Nof/Yes 547/359 (60.4/39.6) 309/70 (81.5/18.5) 78/40 (66.1/33.9)
Metastasis,

No/Yes 736/170 (81.2/18.8) 351/28 (92.6/7.4) 96/22 (81.4/18.6)
TNM stage

| 249 (27.5) 215 (56.7) 51 (43.2)

Il 141 (15.6) 40 (10.6) 13 (11.0)

11l 346 (38.2) 97 (25.6) 28 (23.7)

v 170 (18.8) 27 (7.1) 26 (22.0)

BCLC stage

0 70 (7.7) 29 (7.7) 3 (2.5

A 245 (27.0) 183 (48.3) 57 (48.3)

B 166 (18.3) 76 (20.1) 8 (6.8)

C 368 (40.6) 90 (23.7) 43 (36.4)

D 57 (6.3) I (0.3) 7 (59
CNLC stage

| 328 (36.2) 231 (60.9) 60 (50.8)

Il 155 (17.1) 59 (15.5) 8 (6.7)

11l 377 (41.6) 88 (23.2) 43 (36.4)

v 46 (5.0) I (0.2) 7 (59

(Continued)
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Table | (Continued).

Variables 900H FJMUUH FAHSYSU
Treatment
Operation 640 (70.6) 359 (94.7) 106 (89.8)
Non-Operation 266 (29.4) 20 (5.3) 12 (10.2)
Diabetes Mellitus
No 813 (89.7) 371 (97.9) 102 (86.4)
Yes 93 (10.3) 8 (2.1) 16 (13.6)
Hypertension
No 771 (85.1) 368 (97.1) 103 (87.3)
Yes 135 (14.9) 11 (2.9) 15 (12.7)

Abbreviations: WBC, white blood cell; NEU, neutrophil; LYM, lymphocyte; RBC, red blood cell; RDW, red blood cell
distribution width; HCT, hematocrit; MCV, mean corpuscular volume; PLT, platelet; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; TBIL, total bilirubin; ALB, albumin; RAR, red blood cell distribution width to albumin ratio; AFP,
alpha fetoprotein; PVTT, portal vein tumor thrombus.

Table 2 Multivariate Cox Regression Analysis with
a Forward Likelihood Ratio Method for OS of HBV-
Related HCC Patients

Variables p value | HR 95% CI
LYM 0.001 0.715 | 0.591-0.865
RAR 0.005 5.808 | 1.721-19.599
TBIL 0.028 1.003 | 1.000-1.006
Child-Pugh grade 0.035

A 1.000

B 0.194 1.205 | 0.910-1.596
C 0.010 2.125 | 1.201-3.759
Maximum tumor diameter | <0.001 1.062 | 1.040-1.085
Tumor number <0.001

Single 1.000

Multiple 1.767 | 1.414-2.207
PVTT <0.001

No 1.000

Yes 1.737 | 1.342-2.248
Metastasis 0.017

No 1.000

Yes 1.360 | 1.058-1.749
Treatment <0.001

Operation 1.000
Non-Operation 1.842 | 1.438-2.358

Abbreviations: LYM, lymphocyte; RAR, red blood cell distribution width to
albumin ratio; TBIL, total bilirubin; PVTT, portal vein tumor thrombus.

In the training cohort, the AUCs for 1-, 2-, and 3-year OS were 0.881, 0.896, and 0.890, respectively (Figure 2A). In the
internal validation cohort, the AUCs for these time points were 0.883, 0.890, and 0.908, respectively (Figure 2B). For the
external validation cohort, the AUCs were 0.854, 0.842, and 0.804, respectively (Figure 2C). Calibration curves indicated
that, in the training cohort (Figure S2A—C), internal validation cohort (Figure S2D-F), and external validation cohort (Figure
S2G-1I), the predicted 1-, 2-, and 3-year OS rates closely matched the actual observed outcomes.
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Decision Curve Analysis

The decision curve analysis results indicated that the RAR-Nomogram substantially improved the net benefit for

predicting 1-year (Figure S3A—C), 2-year (Figure S3D-F), and 3-year (Figure S3G-I) OS across the training, internal
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validation, and external validation cohorts. They also demonstrated a wide range of threshold probabilities where the
nomogram offered considerable clinical utility.

Risk Stratification Analysis

Based on the total risk scores calculated from the RAR-Nomogram, patients with HBV-HCC were stratified into different
risk categories: patients with scores above 194.8 were classified as high-risk, those with scores below 128 as low-risk,
and those with scores in between as intermediate-risk (Figure S4). In the training cohort, the median survival times for
the high-, intermediate-, and low-risk groups were 2 months (95% CI: 1.109-2.891), 11 months (95% CI: 9.141-12.859),
and 54 months (95% CI: 38.587-69.413), respectively (Figure 3A). In the internal validation cohort, the median survival
times were 3 months (95% CI: 1.899-4.101), 12 months (95% CI: 9.006-14.994), and 62 months (95% CI:
51.101-72.899) for the high-, intermediate-, and low-risk groups, respectively (Figure 3B). Similar trends were observed
in the external validation cohort, where the median survival times for high-, intermediate-, and low-risk groups were 2
months (95% CI: 0.326-3.674), 4 months (95% CI: 2.614-5.386), and 51 months (95% CI: 37.488-64.512), respectively
(Figure 3C).

Comparing the New Nomogram with Traditional Models

The predictive performance of the RAR-Nomogram was compared with that of three conventional HCC staging systems:
BCLC, TNM, and CLIP. The RAR-Nomogram demonstrated superior discriminative ability across the training, internal
validation, and external validation cohorts. In the training cohort, the AUCs for 1-, 2-, and 3-year OS for the RAR-
Nomogram were 0.881, 0.896, and 0.890, respectively, surpassing those of CLIP (0.843, 0.848, and 0.838, respectively),
BCLC (0.840, 0.860, and 0.862, respectively), and TNM (0.796, 0.830, and 0.838, respectively) (Figure 4A—C).
Similarly, in the internal validation cohort, the AUCs for 1-, 2-, and 3-year OS for the RAR-Nomogram were 0.883,
0.890, and 0.908, respectively, outperforming CLIP (0.846, 0.840, and 0.849, respectively), BCLC (0.857, 0.857, and
0.862, respectively), and TNM (0.838, 0.821, and 0.843, respectively) (Figure 4D—F). In the external validation cohort,
the AUCs for 1-, 2-, and 3-year OS for the RAR-Nomogram were 0.854, 0.842, and 0.804, respectively; again, higher
than those of CLIP (0.831, 0.831, and 0.779, respectively), BCLC (0.791, 0.807, and 0.777, respectively), and TNM
(0.753, 0.769, and 0.736, respectively) (Figure 4G-I). Table S2 shows time-dependent AUCs and DeLong’s test p-values
comparing prognostic models with the nomogram across datasets.

Constructing a Web-Based Survival Calculator
To make the model more accessible to clinicians, we developed a free, web-based calculator on the Shinyapp.io platform
(Figure S5). Clinicians and researchers can access it at https:/fmuuhtmq.shinyapps.io/dynnomapp/ to estimate the

mortality risk for patients with HBV-HCC. By entering clinical characteristics and reviewing the graphical and tabular
outputs from the dynamic nomogram, users can easily determine the predicted survival probabilities for patients over time.
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Figure 3 Survival analysis for different risk groups. (A—C) Kaplan-Meier curves for risk groups in the training, internal validation, and external validation cohorts.
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Figure 4 ROC analysis of the nomogram model and the traditional staging system. 1-3 year AUCs: training (A-C), internal validation (D—-F), external validation (G-1).
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Discussion

In this study, we developed and validated a novel prognostic model, the RAR-Nomogram, for predicting OS in patients
with HBV-HCC. By incorporating traditional clinicopathological factors alongside the RAR—a novel biomarker
reflecting systemic inflammation—this model significantly improves the predictive accuracy of OS in patients with HBV-
HCC.

The RAR combines the RDW, an indicator of red blood cell volume variability, with the ALB level, which reflects
liver function and nutritional status. This ratio offers a comprehensive perspective for evaluating the systemic inflam-
matory status and nutritional condition of patients with HCC. The RAR has been widely applied in the prognostic
assessment of various inflammatory diseases, such as non-ischemic heart failure and acute myocardial infarction.***’
However, its prognostic significance in malignancies remains underexplored. This study is the first to establish RAR as
an independent prognostic factor for overall survival in patients with HBV-HCC, demonstrating predictive superiority
over traditional indicators such as tumor size and number. These findings highlight the pivotal role of systemic

inflammation in the progression of HCC.
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The precise mechanisms by which the RAR influences HCC prognosis remain unclear. Several possible explanations
are as follows: First, chronic inflammation promotes the development of a tumor microenvironment, and an elevated
RAR may indicate a more severe inflammatory state, potentially associated with greater tumor aggressiveness.”*>’
Second, low ALB levels reflect impaired liver function and weakened immune function, reducing the effectiveness of the
antitumor immune response.’®>! Lastly, an increased RAR may signal heightened oxidative stress, which is strongly
linked to HCC development and progression.’>*> These hypotheses provide valuable directions for future research into
the molecular mechanisms through which the RAR contributes to HCC progression.

Prior research on inflammatory biomarkers frequently transformed continuous variables into categorical ones, largely
because standardized cutoff values were unavailable.**>® This method introduced variability, which potentially wea-
kened statistical power and may have resulted in erroneous causal interpretations, ultimately reducing their prognostic
utility.*”*® In our study, we maintained the LYM count and RAR as continuous variables when constructing the
predictive model, thereby improving the reliability of the findings.

The prognostic model developed in this study incorporates not only the RAR but also a range of factors, including
liver function (TBIL and Child—Pugh grade), tumor burden (tumor size, number, PVTT, and metastasis), and treatment
modalities. This comprehensive, multifactorial approach improves the model’s accuracy and predictive power, out-
performing traditional staging systems, such as TNM, BCLC, and CLIP, in three independent cohorts. These results
underscore the need for a holistic evaluation of tumor characteristics, liver function, and systemic inflammatory status
when assessing HCC prognosis.

Furthermore, the model can act as a crucial instrument for the meticulous stratification of patients, establishing
a foundation for personalized treatment strategies. Specifically, this may entail the implementation of more aggressive
therapeutic interventions and heightened vigilance for those patients categorized as high-risk. Building on this risk
stratification, our model can assist clinicians in tailoring treatment intensity and follow-up schedules according to
individual risk profiles. For example, patients identified as high-risk may benefit from intensified treatment regimens
and more frequent monitoring, while low-risk patients could avoid overtreatment and its associated adverse effects
through more conservative management. Additionally, we have developed an online calculator to facilitate rapid clinical
application, supporting more informed decision-making and enhancing patient-physician communication.

However, this study is accompanied by several limitations that warrant acknowledgment. First, as a retrospective
analysis, it might have been subject to selection bias. Second, the model was developed specifically for patients with
HBV-HCC, and its generalizability to patients with HCC with other etiologies requires further validation. Additionally,
key factors such as detailed antiviral therapy information, physical performance status, and dynamic liver function
changes were not included due to missing data, which may have limited the comprehensiveness and predictive accuracy
of our model. Furthermore, the categorization of treatment modalities into local intervention and systemic therapy
groups, though based on clinical rationale, may oversimplify therapeutic heterogeneity; variations in treatment intensity
(eg, resection vs TACE) and biological effects (eg, targeted therapy vs chemotherapy) were not fully captured, and
sequential treatment strategies were not considered. Finally, the absence of dynamic RAR analysis might have under-
estimated its full prognostic potential. Future research should focus on large-scale, prospective studies and explore the
relationship between dynamic changes in the RAR and HCC prognosis.

In conclusion, we developed and validated an RAR-based nomogram (RAR-Nomogram) to predict survival outcomes
in patients with HBV-HCC. This model demonstrated strong predictive accuracy in both the development and validation
cohorts, with superior discriminatory ability compared to traditional assessment models. The RAR-Nomogram shows
promise as an effective tool for guiding personalized treatment and prognosis in clinical settings.

Abbreviations
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