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Purpose: This study aimed to explore the predictive value of Age-Adjusted Charlson Comorbidity Index (ACCI) on survival
outcomes in patients with hepatocellular carcinoma (HCC) and comorbidities undergoing radiofrequency ablation (RFA).

Materials and Methods: This study is a retrospective, single-center study which included 158 patients with HCC newly diagnosed at
our center from January 2015 to December 2021 who had comorbidities prior to RFA treatment. Patients were divided into two groups
(<4 and >4) according to the optimal cutoff value of ACCI determined by X-tile analysis based on overall survival (OS), and
comprehensive clinical, laboratory, and tumor characteristic data were collected. The primary endpoints were OS and recurrence-free
survival (RFS), analyzed using the Kaplan-Meier method and Cox proportional hazards model.

Results: Patients in the high ACCI group (>4) were independently associated with worse OS and RFS compared to those in the low
ACCI group (<4). Multivariate Cox analysis confirmed that ACCI >4 was an independent risk factor for both OS and RFS, with hazard
ratios (HR) of 2.07 and 2.05, respectively. In addition to ACCI, other independent predictors for worse OS included tumor max-
diameter (HR: 1.69, P < 0.001) and elevated level of preoperative a-fetoprotein (HR: 1.91, P = 0.007), while preoperative albumin
(HR: 0.93, P=0.001) was a significant protective factor for OS. For RFS, significant risk factors included tumor max-diameter (HR:
1.79, P < 0.001) and prothrombin time > 13 seconds (HR: 2.38, P = 0.001).

Conclusion: ACCI may serve as a useful prognostic predictor for survival outcomes in HCC patients with comorbidities undergoing
RFA.
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Introduction

According to GLOBOCAN 2022 data, primary liver cancer ranks as the sixth most common malignant tumor globally,
with approximately 865,000 new cases annually, accounting for 4.3% of all new cancer cases worldwide. Simultaneously,
it ranks as the third leading cause of cancer-related deaths worldwide, with approximately 758,000 fatalities annually,
accounting for 7.8% of all cancer deaths. This indicates a high mortality-to-incidence ratio for liver cancer, reflecting its

relatively poor prognosis. Hepatocellular carcinoma (HCC) is the most common type of liver cancer.’
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The latest international guidelines for HCC treatment list ablation therapy alongside liver resection and liver
transplantation as curative treatment options. Among ablation therapies, radiofrequency ablation (RFA) is widely used.
Compared to surgical resection, RFA presents distinct advantages for HCC patients with poor physical condition or
comorbidities unsuitable for resection. It delivers reliable efficacy, is minimally invasive and cost-effective, has minimal
impact on liver function, and carries fewer complications. For patients with early-stage HCC, RFA can achieve similar
efficacy to surgical resection.”*

In fact, the burden of preoperative comorbidities has been widely recognized as a prognostic factor affecting
postoperative survival rates for various solid tumors.”'* For HCC patients who opt for RFA due to chronic comorbidities
rendering them unsuitable for surgical resection, stratifying the risk of comorbidities prior to treatment is critically
important.

As a commonly used clinical indicator for stratifying the risk of comorbidities, Charlson Comorbidity Index (CCI)
was developed by Charlson et al based on research into past medical records.'* Subsequently, age was incorporated as an
adjusted factor, with one point added for every decade above 40 years old, thereby forming the Age-Adjusted Charlson
Comorbidity Index (ACCI)."> Currently, ACCI has demonstrated predictive value in the prognosis of various cancer
treatment.® >

However, although ACCI has been validated in HCC resection, RFA for other malignancies, and various oncologic
settings, its prognostic value specifically in HCC patients undergoing RFA remains less extensively studied.
Understanding the relationship between comorbidity burden and postoperative outcomes in this specific population is
important for guiding risk stratification and individualized management. Therefore, this study aims to provide incre-
mental evidence for the predictive value of ACCI in HCC patients with comorbidities treated with RFA.

Materials and Methods

Patients
This is a retrospective single center study. Clinical information of HCC patients who underwent RFA treatment between
January 2015 and December 2021 in the Department of Hepatobiliary Surgery at the First Affiliated Hospital of Army
Medical University was collected from the hospital’s electronic medical record system. Inclusion criteria are: 1) age >18
years; 2) newly diagnosed with primary HCC according to AASLD guidelines; 3) solitary tumor diameter <5 cm or 2-3
tumors with the largest <3 cm; 4) preoperative diagnosis of extrahepatic comorbidities (disease categories referenced in
ACCI)."® Exclusion criteria are: 1) RFA combined with other treatments; 2) Palliative RFA therapy; 3) Insufficient
follow-up information; 4) Incomplete RFA treatment records; 5) Receiving liver transplantation after RFA (Figure 1).
This retrospective, single-center study has been approved by the Ethics Committee of the First Affiliated Hospital
(Southwest Hospital) of Army Medical University, Chongqing, China (No. (B)KY2025048), and complies with the
standards of the Declaration of Helsinki and local ethical guidelines. All personal identifying information was anon-
ymized before analysis to protect patient privacy. Informed consent was waived by the Ethics Committee of the First
Affiliated Hospital of Army Medical University due to the retrospective nature of the study and anonymized data.

Clinical Data

Demographic characteristics included sex, age and body mass index (BMI). Imaging findings included number of tumors
and tumor maximum diameter. Laboratory test results encompassed total bilirubin (TB), serum albumin (ALB), aspartate
transaminase (AST), alanine aminotransferase (ALT), prothrombin time (PT), platelet (PLT), alkaline phosphatase
(ALP), a-fetoprotein (AFP), hepatitis B surface antigen (HBsAg), anti-hepatitis C virus (Anti-HCV). Additionally,
tumor staging conducted in accordance with the China Liver Cancer Staging System (CNLC) criteria, and Child-Pugh
scores reflecting liver function were also documented.

Patient Comorbidities
The Age-adjusted Charlson Comorbidity Index extends the original Charlson Comorbidity Index by incorporating age as
an additional prognostic factor.'” In specific, 1 point is assigned for comorbidities of myocardial infarction, congestive
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Figure | Flowchart of patient selection.

heart failure, peripheral vascular disease, cerebral vascular disease, dementia, chronic pulmonary disease, connective
tissue disease, ulcer disease, mild liver disease and diabetes without end organ damage, 2 points for hemiplegia,
moderate/severe renal disease, diabetes with end-organ disease, solid tumor, leukemia and lymphoma, 3 points for
moderate/severe liver disease, and 6 points for metastatic solid tumor and acquired immunodeficiency syndrome. One
point is added for every decade above 40 years, allowing the score to better estimate long-term mortality risk of the
patients (Supplementary Table S1). ACCI is widely used to quantify comorbidity burden in clinical research and outcome

prediction.® ' This study adopted ACCI for quantifying patient comorbidities. Each patient was assigned an ACCI score
based on their preoperative diagnosis.

Treatment Procedures

All radiofrequency ablation procedures were performed percutaneously under real-time contrast-enhanced ultrasound
(CEUS) guidance by three experienced hepatobiliary surgeons, with all cases undergoing monitored anesthesia. Under
ultrasound guidance, the largest section of the tumor was selected and one or two electrode needles were punctured
directly into the lesion. The ablation power was set at 120 watts and the working time was 3min. When the tumor was
larger than 3cm and smaller than Scm, two ablation needles were used for puncture and ablation. The ablation power was
180 watts and the working time was Smin. Needle-track ablation was performed when the electrode was withdrawn. Each
ablation targeted a safety margin of at least 0.5 cm beyond the tumor boundary. Postoperative CEUS was repeated within

20 minutes to assess ablation extent; residual tumor was immediately re-ablated to achieve complete tumor destruction.
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On the second postoperative day, a repeat CEUS or contrast-enhanced upper abdominal computed tomography (CT) scan
was performed to further confirm the absence of residual lesions and measure the size of the destroyed area (using the
maximum cross-sectional diameter). If residual lesions were detected, additional ablation was performed as soon as
possible based on the patient’s overall condition. All procedures were performed following a standardized RFA protocol,
with each surgeon adhering to consistent electrode placement, ablation power and duration, target safety margin, and
postoperative imaging assessment, ensuring reproducibility across operators. If no residual lesions were identified on
postoperative imaging, the ablation was considered complete.

Patient Follow-Up

Ablation efficacy was evaluated via Gd-EOB-DTPA-enhanced magnetic resonance imaging (EOB-MRI) or contrast-
enhanced upper abdominal CT one month after ablation. Subsequently, rechecked relevant laboratory indicators and
imaging examinations every 3 months to assess treatment outcomes. Statistics included overall survival (OS, defined as
the time from the end of treatment until death or the date of the last follow-up) and recurrence-free survival (RFS, defined
as the time from the end of treatment until tumor recurrence or metastasis; patients who died without documented
recurrence were censored at the time of death). The follow-up cutoff date was December 31, 2023.

Statistical Methods

Baseline characteristics were summarized using descriptive statistics. Categorical variables were expressed as counts and
percentages, while continuous variables were expressed as medians with interquartile ranges (IQR). Group comparisons
were performed using Pearson’s chi-squared test or Fisher’s exact test for categorical variables and the Mann—Whitney
U-test for continuous variables. Survival outcomes, including OS and RFS, were estimated using the Kaplan—-Meier
method and compared using the Log rank test. Univariate and multivariable Cox proportional hazards models were used
to identify prognostic factors. Candidate variables were selected based on both statistical significance in univariate
analysis (P < 0.05) and clinical relevance. Age was excluded from the multivariable model because it is a component of
ACCI. Child-Pugh classification was excluded to avoid redundancy with ACCI liver disease scoring, while laboratory
indicators of liver function (ALB, PT, AST, ALT) were retained. Stepwise Cox regression based on the Akaike
Information Criterion (AIC) was applied to select the final model. Variance inflation factors (VIFs) were calculated to
assess multicollinearity, and all variables showed low collinearity (all VIF < 5). Proportional hazards assumptions were
evaluated using Schoenfeld residuals, with no evidence of significant violation. Model performance was assessed using
Harrell’s concordance index (C-index), and internal validation was performed using bootstrap resampling with 1,000
iterations. Continuous variables were dichotomized according to clinically established reference thresholds commonly
used in clinical practice.'® The optimal cutoff value of ACCI was determined using X-tile software based on OS and was
subsequently applied to RFS analysis. All statistical analyses were performed using R (version 4.3.1), and a two-sided
P value < 0.05 was considered statistically significant. No significant missing data were observed; therefore, complete-
case analysis was performed.

Results

Baseline Data of Patients

This study included 158 patients and the patients’ baseline characteristics were recorded in Table 1. There were 124
males (78.5%) and 34 females (21.5%), with a median age of 60.5 (IQR: 53.0-68.0) years. Among the 158 patients, 122
(77.2%) were HBsAg-positive. Two patients had hepatitis C, and 15 had alcoholic liver disease. Thirteen patients had
total bilirubin >34 pmol/L, 43 had AST >42 U/L, 40 had ALT >42 U/L, 35 had PT >13 seconds, and 58 had AFP >20 ng/
mL. The median tumor maximum diameter was 2.4 cm (IQR: 1.8-3.1). The median tumor number was 1. The median
ACCI score was 4. X-tile analysis also identified 4 as the optimal cutoff value for ACCI based on OS. The median
follow-up time for the cohort was 63 months using the reverse Kaplan—-Meier method (IQR, 47.0-88.0 months). Baseline
characteristics stratified by ACCI group are presented in Table 2, patients with higher ACCI scores were older and had
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Table | Demographic and Clinical Characteristics of Patients

Variables N (%)
Sex Male 124 (78.5)

Female 34 (21.5)
Age (year) Median (IQR) | 60.5 (53.0, 68.0)
BMI (kg/m?) Median (IQR) | 23.9 (22.3, 26.0)
Tumor number Median (IQR) | 1 (1,1)
Tumor max-diameter (cm) | Median (IQR) | 2.4 (1.8, 3.1)
Child-Pugh grade A 144 (91.1)

B 14 (8.9)
CNLC stage la 134 (84.8)

Ib 24 (15.2)
TB (umol/L) <34 145 (91.8)

234 13 (8.2)
ALB (g/L) Median (IQR) | 40.0 (36.1, 43.3)
AST (U/L) <42 115 (72.8)

24?2 43 (27.2)
ALT (U/L) <42 118 (74.7)

24?2 40 (25.3)
PT (sec) <13 123 (77.8)

213 35(22.2)
PLT (x10°/L) Median (IQR) | 115.5 (73.5, 149.0)
ALP (U/L) <135 119 (75.3)

2135 39 (24.7)
AFP (ng/mL) <20 100 (63.3)

220 58 (36.7)
HBsAg - 36 (22.8)

+ 122 (77.2)
Anti-HCV - 156 (98.7)

+ 2 (1.3)
Alcoholic liver disease - 143 (90.5)

+ 15 (9.5)
Liver cirrhosis - 34 (21.5)

+ 124 (78.5)
ACCI Score

<4 99 (62.7)

>4 59 (37.3)

Notes: Categorical variables were expressed as count and percentages, and
continuous variables were expressed as medians with interquartile ranges
(IQR). Median (QI, Q3).

Abbreviations: BMI, body mass index; CNLC, China Liver Cancer Staging
System; TB, total bilirubin; ALB, serum albumin; AST, aspartate transaminase;
ALT, alanine aminotransferase; PT, prothrombin time; PLT, platelet; ALP,
Alkaline Phosphatase; AFP, a-fetoprotein; HBsAg, hepatitis B surface antigen;
Anti-HCYV, anti-hepatitis C virus; ACCI, Age-Adjusted Charlson Comorbidity
Index.

poorer liver function, as reflected by lower albumin levels and platelet counts. In contrast, tumor-related characteristics,

including tumor size and number, were comparable between the two groups.

Comorbidities Distribution Among Patients

The comorbidities distribution of all included patients is summarized in Table 3. In the 1 score group cohort, diabetes
without end-organ damage was the most common comorbidity, affecting 103 patients (65.2%). Mild liver disease,
chronic lung disease, and peptic ulcer disease followed, with 82 cases (51.9%), 29 cases (18.4%), and 18 cases (11.4%),
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Table 2 Baseline Characteristics Stratified by ACCI Group

Variables ACCI Group P
ACCI < 4 (n=99) | ACCI > 4 (n=59)
Sex 0.262
Male 81 (81.8%) 43 (72.9%)
Female 18 (18.2%) 16 (27.1%)
Age (year) 58.0 (52.0, 64.0) 67.0 (60.0, 74.0) <0.00 | ***
BMI (kg/m?) 24.1 (222, 26.7) 23.7 (22.3, 25.5) 0.326
Tumor max-diameter (cm) | 2.4 (1.8, 3.1) 24 (1.9, 3.3) 0.377
Tumor number 0.212
| 87 (87.9%) 46 (78.0%)
2 9 (9.1%) 11 (18.6%)
3 3 (3.0%) 2 (3.4%)
Child-Pugh grade 0.189
A 93 (93.9%) 51 (86.4%)
B 6 (6.1%) 8 (13.6%)
CNLC stage 0.245
la 87 (87.9%) 47 (79.7%)
Ib 12 (12.1%) 12 (20.3%)
TB (umol/L) 0.030*
<34 95 (96.0%) 50 (84.7%)
234 4 (4.0%) 9 (15.3%)
ALB (g/L) 40.6 (37.6, 43.8) 38.2 (34.9, 41.8) 0.022%*
ALT (U/L) 0.587
<42 72 (72.7%) 46 (78.0%)
242 27 (27.3%) 13 (22.0%)
AST (U/L) 0.565
<42 70 (70.7%) 45 (76.3%)
242 29 (29.3%) 14 (23.7%)
PT (sec) 0.336
<13 80 (80.8%) 43 (72.9%)
2|3 19 (19.2%) 16 (27.1%)
PLT (x10%/L) 121.0 (79.5,156.0) | 97.0 (59.5, 138.0) 0.014*
ALP (U/L) 0.263
<135 78 (78.8%) 41 (69.5%)
=135 21 (21.2%) 18 (30.5%)
AFP (ng/mL) 1.000
<20 63 (63.6%) 37 (62.7%)
=20 36 (36.4%) 22 (37.3%)
HBsAg 1.000
- 23 (23.2%) 14 (23.7%)
+ 76 (76.8%) 45 (76.3%)
Liver cirrhosis 0.632
- 23 (23.2%) Il (18.6%)
+ 76 (76.8%) 48 (81.4%)

Notes: Continuous variables are presented as median (IQR) and compared using the Mann-Whitney
U-test. Categorical variables are presented as n (%) and compared using the chi-square test or
Fisher’s exact test, as appropriate. " " denote P < 0.05, 0.001.
Abbreviations: BMI, body mass index; CNLC, China Liver Cancer Staging System; TB, total
bilirubin; ALB, serum albumin; AST, aspartate transaminase; ALT, alanine aminotransferase; PT,
prothrombin time; PLT, platelet; ALP, Alkaline Phosphatase; AFP, o-fetoprotein; HBsAg, hepatitis
B surface antigen; Anti-HCV, anti-hepatitis C virus; ACCI, Age-Adjusted Charlson Comorbidity

Index.
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Table 3 Weighted Index of Comorbidities in the Age-Adjusted
Charlson Comorbidity Index and Distribution of Patients’
Comorbidities

Index Score | Condition N (%)

| Myocardial infarction 7(4.4)
Congestive heart failure 3(1.9)
Peripheral vascular disease 3(1.9)
Cerebral vascular disease 5(3.2)
Dementia 0(0.0)
Chronic pulmonary disease 29(18.4)
Connective tissue disease 0(0.0)
Ulcer disease 18(11.4)
Mild liver disease 82(51.9)
Diabetes without end-organ damage 103(65.2)

2 Hemiplegia 0(0.0)
Moderate/severe renal disease 13(8.2)
Diabetes with end-organ damage 4(2.5)
Solid tumor 1(0.6)
Leukemia 1(0.6)
Lymphoma 0(0.0)

3 Moderate/severe liver disease 38(24.1)

6 Metastatic solid tumor 0(0.0)
Acquired immunodeficiency syndrome | 0(0.0)

Note: Add | point per decade to age>40 years (up to 4 points).

respectively. In the 2 scores group, 13 patients (8.2%) had moderate-to-severe renal disease, 4 patients (2.5%) had
diabetes with organ damage, and 1 patient each (0.6%) had other solid tumor and leukemia. In the 3 scores group, 38
patients (24.1%) had moderate-to-severe liver disease. No patients were assigned a 6-point.

ACCI and OS

To evaluate the prognostic predictive capacity of ACCI, this study grouped patients according to the optimal cutoff value
of ACCI determined by X-tile analysis and employed Kaplan-Meier curves to illustrate postoperative OS and RFS.
During follow-up, 47.5% (75/158) of the entire cohort died. The 1-, 3-, and 5-year OS rates following RFA were 91.8%,
71.1%, and 56.4%, respectively. The median OS was 69 months (95% CI:54-91) (Figure 2A).

Patients were categorized into low ACCI (<4) and high (>4) ACCI groups. The 1-year OS rates for these two groups
were 96.0% and 84.7%, respectively; 3-year OS rates were 78.9% and 58.1%; and 5-year OS rates were 65.5% and
40.4%, a significant difference was observed between the two groups (P=0.00054, Figure 2B).

ACCI and RFS

We evaluated the RFS for the entire cohort and found that 71.5% (113/158) of patients experienced recurrence or
metastasis during postoperative follow-up. The 1-, 3-, and 5-year RFS rates for the entire group were 57.0%, 36.0%, and
30.7%, respectively, with a median RFS of 20 months (95% CI:12-28) (Figure 3A). The 1-year RFS rates for the low and
high ACCI groups were 64.6% and 44.1%, respectively. The 3-year RFS rates were 43.9% and 22.6%, and the 5-year
RFS rates were 36.2% and 22.6%. A significant difference existed between the two groups (ACCI <4 vs. ACCI >4), with
a P value of 0.006 (Figure 3B).

Predictive Factors of OS and RFS

Utilizing the Cox proportional hazards model, we conducted univariate and multivariate analyses for postoperative
overall survival and recurrence-free survival to define predictive factors. For OS, multivariate analysis indicated that
tumor max-diameter (HR: 1.69, 95% CI: 1.35-2.11, P < 0.001) and AFP (HR: 1.91, 95% CI: 1.19-3.07, P = 0.007) were
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Figure 2 Kaplan-Meier curve of overall survival for all included patients (A) and different ACCI groups (B), ACCI <4 vs. ACCI| >4).
Abbreviations: ACCI, Age-adjusted Charlson Comorbidity Index; OS, overall survival.
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Figure 3 Kaplan-Meier curve of recurrence-free survival for all included patients (A) and different ACCI groups (B), ACCI <4 vs. ACCl >4).
Abbreviations: ACCI, Age-adjusted Charlson Comorbidity Index; RFS, recurrence-free survival.

risk factors for OS following RFA. ACCI > 4 (HR: 2.07, 95% CI: 1.29-3.33, P=0.003) was independently associated
with worse OS. Preoperative albumin (HR: 0.93, 95% CI: 0.89-0.97, P=0.001) was an independent protective factor
(Table 4). Age, significant in univariate analysis, was excluded due to collinearity with ACCI. The model showed good
discrimination with a Harrell’s C-index of 0.713 and internal validation by bootstrap (1,000 iterations) yielded a mean
C-index of 0.720, 95% CI: 0.650-0.785.

For RFS, multivariate analysis indicated that tumor maximum diameter (HR: 1.79, 95% CI: 1.45-2.22, P <0.001), PT
> 13 seconds (HR: 2.38, 95% CI: 1.43-3.94, P = 0.001), and ACCI >4 (HR: 2.05, 95% CI: 1.28-3.28, P = 0.003) were
independently associated with worse postoperative RFS (Table 5). The model demonstrated good discrimination with
Harrell’s C-index of 0.728 (SE = 0.033). Internal validation using 1,000 bootstrap iterations yielded a mean C-index of

0.732 (95% CI 0.663-0.794).

Discussion
In this study, we investigated the distribution of comorbidities among HCC patients undergoing RFA treatment and

evaluated the prognostic performance of ACCI score. Cox analysis revealed that ACCI was independently associated
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Table 4 Univariate and Multivariate Cox Analysis for Overall Survival

Univariate Analysis Multivariate Analysis
HR | 95% CI P HR | 95% CI P

Sex (female/male) 122 | 0.72-2.08 | 0.457 - - -
Age (year) 1.03 | 1.01-1.05 | 0.012* - - -
BMI (kg/m?) 0.94 | 0.87-1.02 | 0.144 - - -
Tumor number 1.36 | 0.91-2.02 | 0.130 - - -
Tumor max-diameter (cm) | 1.60 | 1.29-1.98 | <0.001*%* | .69 | 1.35-2.11 | <0.00]***
Child-Pugh grade (A/B) 1.64 | 0.78-3.43 | 0.189 - - -
CNLC stage (la/lb) 1.72 | 0.99-3.00 | 0.055 - - -
TB (234/<34, umol/L) .19 | 0.52-2.74 | 0.684 - - -
ALB (g/L) 0.93 | 0.90-0.97 | <0.001*% | 0.93 | 0.89-0.97 | 0.001**
AST (242/<42, U/L) 0.74 | 0.44-1.26 | 0.272 - - -
ALT (242/<42, U/L) 0.80 | 0.46-1.37 | 0414 - - -
PT (213/<13, sec) 1.86 | 1.14-3.04 | 0.014* - - -
PLT (x10°/L) 1.00 | 0.99-1.00 | 0.418 - - -
ALP (U/L) 1.33 | 0.81-2.18 | 0.265 - - -
AFP (220/<20, ng/mL) 1.60 | 1.02-2.53 | 0.043* 1.91 1.19-3.07 | 0.007**
HBsAg (+) 0.81 | 0.48-1.36 | 0.423 - - -
Liver cirrhosis 0.84 | 0.49-1.42 | 0514 - - -
ACCI Group

<4 Ref Ref

>4 224 | 1.40-3.57 | <0.001*% | 2.07 | 1.29-3.33 | 0.003**

Notes: * ™ "“denote P< 0.05, 0.01, 0.001. “-” indicates variables not retained in the final multivariable model,

either due to lack of statistical significance in univariate analysis or exclusion during stepwise selection based on the
Akaike Information Criterion (AIC). Age was excluded from the multivariable model due to collinearity with ACCI.
Abbreviations: BMI, body mass index; CNLC, China Liver Cancer Staging System; TB, total bilirubin; ALB, serum
albumin; AST, aspartate transaminase; ALT, alanine aminotransferase; PT, prothrombin time; PLT, platelet; ALP,
Alkaline Phosphatase; AFP, a-fetoprotein; HBsAg, hepatitis B surface antigen; ACCI, Age-Adjusted Charlson
Comorbidity Index.

Table 5 Univariate and Multivariate Cox Analysis for Recurrence-Free Survival

Univariate Analysis Multivariate Analysis
HR | 95% CI P HR | 95% CI P
Sex (female/male) .32 | 0.78-2.25 | 0.305 - - -
Age (year) 1.03 | 1.01-1.05 | 0.010%* - - -
BMI (kg/m?) 095 | 0.88-1.02 | 0.168 - - -
Tumor number 224 | 1.47-3.41 | <0.001%* | — - -
Tumor max-diameter (cm) | 1.67 | 1.36-2.05 | <0.001*% | .79 | 1.45-2.22 | <0.00*¥**
Child-Pugh grade (A/B) 1.50 | 0.72-3.13 | 0.282 - - -
CNLC stage (la/lb) 276 | 1.57-4.86 | <0.001%* | — - -
TB (234/<34, umol/L) 0.93 | 0.40-2.13 | 0.855 - - -
ALB (g/L) 0.95 | 0.91-0.98 | 0.004** - - -
AST (242/<42, U/L) 0.83 | 0.49-1.41 | 0.486 - - -
ALT (242/<42, U/L) 0.90 | 0.52-1.55 | 0.701 - - -
PT (213/<I3, sec) 2.30 | 1.40-3.77 | 0.001%** 2.38 | 1.43-3.94 | 0.001**
PLT (x10%/L) .00 | 1.00-1.00 | 0.718 - - -
ALP (U/L) 1.54 | 0.94-2.52 | 0.085 - - -
AFP (220/<20, ng/mL) 1.44 | 091-2.28 | O.115 - - -
(Continued)
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Table 5 (Continued).

Univariate Analysis Multivariate Analysis
HR 95% CI P HR 95% CI P
HBsAg (%) 0.96 0.58-1.61 0.889 - - -
Liver cirrhosis 1.02 | 0.60-1.73 | 0.952 - - -
ACCI Group
<4 Ref Ref
>4 2.04 1.29-3.23 0.002%* 2.05 1.28-3.28 0.003%**
Note: “ ™ "“denotes P< 0.05, 0.01, 0.001. “-” indicates variables not retained in the final multivariable model, either

due to lack of statistical significance in univariate analysis or exclusion during stepwise selection based on the Akaike
Information Criterion (AIC). Age was excluded from the multivariable model due to collinearity with ACCI.
Abbreviations: BMI, body mass index; CNLC, China Liver Cancer Staging System; TB, total bilirubin; ALB, serum
albumin; AST, aspartate transaminase; ALT, alanine aminotransferase; PT, prothrombin time; PLT, platelet; ALP,
Alkaline Phosphatase; AFP, a-fetoprotein; HBsAg, hepatitis B surface antigen; ACCI, Age-Adjusted Charlson
Comorbidity Index.

with OS and RFS in patients with hepatocellular carcinoma undergoing radiofrequency ablation. The cutoff value of
ACCI was determined using X-tile analysis, which has been widely applied to identify optimal prognostic thresholds in
survival studies. Notably, patients with an ACCI >4 exhibited significantly higher risk of death and tumor recurrence
compared to those with lower scores.

As shown in the baseline comparison (Table 2), patients with higher ACCI scores tended to be older and exhibited
poorer liver function, which is consistent with the components incorporated in the ACCI. These differences reflect the
underlying clinical characteristics captured by the index rather than representing unexpected imbalance. Importantly,
multivariable Cox regression analysis was performed to adjust for potential confounders, and ACCI remained indepen-
dently associated with survival outcomes, supporting its prognostic value beyond individual clinical factors. Therefore,
the effect of ACCI should be interpreted as a composite measure reflecting both age and comorbidity burden, rather than
an independent comorbidity-only effect.

As shown in Table 3, diabetes emerged as the most prevalent comorbidity in the study cohort. Research has indicated
that diabetes is a risk factor for HCC development,’ while liver diseases—represented by HCC—can also cause impaired
glucose metabolism.'” Next in prevalence were varying degrees of liver disease. The definition of liver disease severity
primarily depended on the presence of decompensated liver function manifestations such as portal hypertension, history
of variceal bleeding, ascites, or hepatic encephalopathy.'> The pathophysiological changes associated with hepatocellular
carcinoma can explain the high incidence of liver disease across different severity levels.'®'” Chronic pulmonary disease
and peptic ulcer disease follow closely. Chronic pulmonary disease included COPD and bronchiectasis patients. The high
incidence of peptic ulcer disease may be related to concomitant portal hypertension and coagulation abnormalities in
HCC patients.?**!

As shown in Table 4, multivariate Cox analysis of overall survival revealed that tumor max-diameter (HR = 1.69 CI:
1.35-2.11 P< 0.001) and higher AFP level (HR = 1.91 CI: 1.19-3.07 P= 0.007) are risk factors for OS following RFA.
Potential reasons for the association between larger tumor max-diameter and increased risk include: First, a larger tumor
means a more abundant surrounding vascular bed, resulting in more heat dissipation through blood flow during RFA
treatment (heat sink effect), which consequently impacts ablation temperature and efficacy.”” Second, tumor lesions
exhibit irregular shapes, and since conventional RFA is typically guided by two-dimensional ultrasound and/or CT
imaging, a larger tumor increase the risk of failing to precisely position the ablation electrode at the lesion’s three-
dimensional center, leading to inadequate ablation in other planes.?® Third, a larger tumor may generate more water vapor
during ablation, hindering real-time visualization of residual cancer tissue within the lesion.>* Higher AFP levels were
associated with worse OS. This may be attributed to tumors with higher AFP level being more aggressive, more prone to
micro-metastasis, and less responsive to treatment.?> Preoperative albumin (HR = 0.93 CI: 0.89-0.97 P=0.001) served as
a significant protective factor, highlighting the importance of the patient’s nutritional status for long-term prognosis.*®
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As shown in Table 5, multivariate Cox analysis of recurrence-free survival revealed that tumor max-diameter (HR =
1.79 CI: 1.45-2.22 P< 0.001) and PT (HR = 2.38 CI: 1.43-3.94 P=0.001) are risk factors for postoperative RFS. The
impact of tumor max-diameter on RFS may be reflected in: First, larger tumors are typically associated with a higher
probability of microvascular invasion and micrometastasis, which are key factors contributing to early postoperative
recurrence and distant metastasis;>’ second, larger tumors may represent a more aggressive tumor biological phenotype,
leading to early postoperative recurrence.”® Prolonged PT reflects impaired hepatic synthetic function, particularly
reduced synthesis of coagulation factors II, VII, IX, and X. This indicates more severe underlying liver disease, leading
to poor postoperative recovery capacity and increased complication risk, thereby shortening RFS.>’ These findings
should be interpreted in the context that death prior to recurrence appeared to be rare in this cohort and therefore unlikely
to materially affect the RFS analysis.

It is notable that the high ACCI group (scores> 4) represents a risk factor for both OS (Table 4) and RFS (Table 5).
Possible reasons include: 1. Patients with high ACCI scores typically present with more severe and diverse comorbidities
and older age. Consequently, their physiological reserves and capacity to cope with treatment (even minimally invasive
RFA) are diminished. Comorbidities may also impact their tolerance and completion of subsequent necessary treatments
(such as re-ablation after recurrence or TACE), thereby affecting long-term OS. 2. Patients with high ACCI scores face
higher risks of non-tumor-related mortality (eg., cardiovascular events, multi-organ failure), which directly impacts OS.
3. Comorbidities like diabetes and cardiovascular disease may influence tumor recurrence and progression through
mechanisms such as chronic inflammation and immunosuppression.*%'

In previous studies, ACCI has been used to predict postoperative outcomes following HCC resection'? and efficacy in
RFA treatment for lung cancer,'> demonstrating good predictive performance with validated clinical value. However, its
prognostic value in HCC patients undergoing RFA has been less extensively studied. This study provides incremental
evidence for the predictive utility of ACCI in assessing outcomes of HCC patients with chronic comorbidities treated
with RFA. This patient population often cannot undergo surgical resection due to a high burden of comorbidities, making
RFA a safer treatment option.

For patients with chronic comorbidities who opt for the relatively safer RFA treatment, postoperative efficacy may
vary due to differences in the types and severity of comorbidities among individuals. However, previous clinical
practice lacked a quantitative indicator enabling clinicians to gain a relatively clear understanding of postoperative
outcomes after RFA. ACCI may serve as a simple, low-cost, and readily available tool for preoperative risk
stratification. Clinicians can rapidly calculate ACCI score preoperatively to identify high-risk patients, thereby
strengthening perioperative comorbidities management (eg., consulting cardiology or endocrinology to optimize
treatment plans). This ensures patients can tolerate the treatment and achieve favorable postoperative outcomes.
Based on ACCI scores, clinicians may implement more active follow-up plans (eg., shortening follow-up intervals)
to detect recurrence promptly after discharge, or conduct more careful benefit-risk assessments during multidisciplin-
ary team discussions for high-risk patients. ACCI also facilitates more objective prognosis communication and
expectation management with patients and their families.

This study has several limitations. First, it is a retrospective design, and data collection relies on the accuracy of
medical records, which may introduce selection and information bias. Second, this is a single-center study with
a relatively limited sample size, which may reduce statistical power, particularly for subgroup analyses. Additionally,
the long follow-up time span and potential heterogeneity in treatment methods and perioperative management may
influence the results. Given the relatively limited sample size and number of events, the use of stepwise variable selection
may introduce a risk of overfitting and model instability. Although internal validation using bootstrap resampling
demonstrated acceptable performance, the findings should still be interpreted with caution. Competing risks were not
formally modeled and may influence the interpretation of overall survival. Future studies using competing risk models,
such as the Fine—Gray subdistribution hazard model, are warranted to further clarify the impact of non-cancer mortality.
Additionally, the cutoff determined by X-tile may be cohort-specific and requires external validation in independent
populations. Continuous variables were dichotomized based on clinically established thresholds commonly used in
clinical practice, which may lead to information loss and should be interpreted with caution. The study population
primarily consists of HBV-related HCC, and the generalizability of these findings to populations with HCV- or non-viral
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hepatitis-dominant HCC remains to be established. Antiviral therapy was commonly administered in this cohort and
therefore was not included as a covariate, which may introduce residual confounding. Prospective, multicenter studies
with larger cohorts are warranted to further validate these findings and refine risk stratification models.

Conclusion

ACCI may serve as a useful prognostic predictor for survival outcomes of HCC patients with comorbidities undergoing
RFA. It enables clinicians to preoperatively identify high-risk patients, thereby optimizing management strategies for
comorbidities, developing individualized treatment and follow-up strategies, and facilitating more objective prognostic
discussions with patients.
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