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Background: Salvage liver transplantation is promising for hepatocellular carcinoma(HCC) recurrence post-ablation but is signifi-
cantly affected by recurrence beyond Milan Criteria (RBM).

Materials and Methods: A retrospective cohort study of potentially transplantable HCC patients undergoing ablation between 2007
and 2017 assessed median time to recurrence beyond Milan Criteria(TRBM) via Kaplan-Meier curves and predictive capacity of
recurrence and RBM for overall survival(OS) via Receiver Operating Characteristic Curves, and identified independent risk factors for
TRBM and RBM via Cox and binary logistic regression models.

Results: We enrolled 191 potentially transplantable patients with early-stage HBV-related HCC <3 c¢cm who underwent ablation.
During a median follow-up of 7.64 years, HCC recurrence occurred in 126 patients(65.9%), with RBM 86 patients(45.0%). The
median TRBM was 10.54 years. Cumulative survival rates without RBM at 3, 5, 8, 10, and 13 years were 77.3%, 65.9%, 56.5%,
51.0%, and 37.6%, respectively. Multivariable analysis identified older age, C-reactive protein(CRP)>1.81 mg/L, and
platelet(PLT)<80x10°/L as independent risk factors for TRBM. Also, cirrhosis, CRP>1.81 mg/L and PLT<80x10°/L were identified
as independent risk factors of the occurrence of RBM. Elevated Platelet-CRP Score(PCS), integrating CRP and PLT, correlated
significantly with an increased incidence of RBM and a more aggressive phenotype, characterized by vascular invasion or metastatic
dissemination (P<0.05). Notably, RBM was a superior predictive indicator for OS compared to recurrence (P<0.05).

Conclusion: When using ablation as a bridge to liver transplantation for solitary HBV-related early HCC (<3 cm), it is crucial first to
identify key preoperative features, including high CRP, low PLT, cirrhosis, and older age.

Keywords: hepatocellular carcinoma, hepatitis B virus, ablation techniques, transplantable liver transplantation, recurrence beyond

the Milan criteria

Introduction

About 50~80% of hepatocellular carcinoma (HCC) is attributed to hepatitis B virus (HBV)." Liver transplantation is the
preferred recommended first-line treatment option for patients with early-stage HCC.? However, due to a variety of
limitations, such as shortage of donors and financial pressure, many patients with early-stage HCC are unable to receive

first-line liver transplantation. Ablation can serve as a bridge for liver transplantation in patients with early-stage HCC,
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but disease recurrence is a concern.” > Encouragingly, compared with re-resection or re-ablation, salvage liver trans-
plantation is also a more promising treatment option for HCC patients with recurrence after resection or ablation.®® For
example, previous studies have shown that HCC patients who undergo salvage liver transplantation have a higher 5-year
disease-free survival rate, which is significantly higher than that of patients who undergo salvage hepatectomy or re-
ablation. However, some studies have demonstrated that HCC recurrence beyond Milan criteria (RBM) following radical
resection or ablation is an independent risk factor for prognosis after salvage liver transplantation.”'® Therefore,
Investigating RBM patterns and predictive factors after radical ablation in potentially transplantable early-stage HCC
patients is crucial.

206 https: Journal of Hepatocellular Carcinoma 2025:12



Chen et al

In our study, we summarized over 10 years of experience at our cancer center, with the primary aim of further
exploring the RBM patterns post-ablation in potentially transplantable patients with HBV-related early-stage HCC.
Additionally, we aimed to identify predictive factors for time to recurrence beyond Milan Criteria (TRBM) over a 10-
year period. The secondary objectives were to predict overall survival (OS) and recurrence-free survival (RFS) following
radical ablation over a 10-year period, and determine associated risk factors.

Patients and Methods

Patients

We retrospectively analyzed 246 patients with solitary early-stage HCC <3 cm treated by ablation at the Sun Yat-sen University
Cancer Center (SYSUCC) between September 2007 and December 2017. Inclusion criteria comprised: (1) histological or
radiological confirmation of HCC; (2) receipt of curative ablation therapy as the initial intervention, with no evidence of local
HCC recurrence at the first follow-up assessment; (3) Hepatitis B viral infection; (4) preserved hepatic function (Child-Pugh class
A or B; albumin-bilirubin grade 1 or 2); (5) age bracket between 18 and 70 years; (6) absence of prior HCC management
strategies; (7) lack of extrahepatic disease spread; (8) absence of bile duct involvement and vascular invasion; (9) no clinical
manifestations of acute infection within one week preceding ablation. Conversely, exclusion criteria encompassed: (1) presence
of a secondary primary malignancy; (2) significantly impaired liver function (Child-Pugh class C or albumin-bilirubin grade 3);
(3) severe coagulopathy. A total of 191 potentially transplantable patients with solitary early-stage HBV-associated hepatocel-
lular carcinoma less than 3 cm were included (Figure 1). We defined potentially transplantable patients as those aged under 70
years without any comorbidities that would contraindicate transplant surgery. Informed consent was waived due to the
retrospective nature of the study, in accordance with the Declaration of Helsinki and with approval from the Ethics
Committee of SYSUCC.

Ablation Protocols

Radiofrequency ablation (RFA) and microwave ablation (MWA), guided by real-time ultrasound or computed tomo-
graphy (CT), were performed by experienced doctors under anesthesia. These procedures, conducted under sterile
conditions, involved five stages: assessment, puncture site localization, guided insertion, ablation, and post-procedure
evaluation. The treatment parameters adjusted to the HCC’s location and size for thorough elimination, typically using
a single electrode or antenna for tumors <3 cm. The post-ablation endpoint was defined as a safety margin of at least
5-10 mm beyond the HCC tissue boundary.'"'* The 5-10 mm ablation margin was evaluated by measuring the minimum

246 patients with single-nodule hepatitis B virus-associated early-stage HCC
smaller than 3 cm underwent ablation: 2007/9-2017/12

— Isecond malignancy: n=4 I

- Inon-radical treatment : n=26 I

- |age older than 70 : n=25 I

\ 4
"transplantable" HCC patients underwent ablation:
n=191

Figure | The flowchart of the selection process.
Abbreviation: HCC, hepatocellular carcinoma.
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distance between the boundary of the ablated area and the tumor margin immediately after ablation. If the minimum
distance exceeded 5-10 mm, it was considered that a safe margin had been achieved.

Follow-up and the Follow-up Endpoint

Patients underwent follow-up imaging (ultrasound, CT, or MRI) about one month post-ablation, then every 2-3 months
for two years if no recurrence. Afterward, imaging is at 3—6 month intervals for 2-5 years, followed by 6—12 month
intervals until recurrence signs.

The primary endpoint was time to recurrence beyond Milan criteria (TRBM), defined as the interval between
initial ablation therapy and HCC recurrence beyond Milan criteria (RBM) or death due to RBM. RBM was
characterized by one lesion > 5 cm, more than three lesions, at least one of the three lesions > 3 cm, vascular
invasion, or extrahepatic metastases visible on imaging examination during the follow-up period. Secondary
endpoints included recurrence-free survival (RFS) and overall survival (OS). RFS measured from initial ablation
to HCC recurrence or death due to HCC, while OS measured from ablation to death from any cause. The median
follow-up interval for the entire cohort was 7.64 years (quartile ranges 6.74-9.85 years).

Statistical Analysis

Mean and standard deviation were typically used to describe normally distributed continuous variables, while median and
interquartile range (IQR) were more appropriate for non-normally distributed continuous variables. For comparing contin-
uous variables, f-tests or Mann—Whitney U-tests were employed depending on the normality of the data. Categorical
variables, on the other hand, were compared using chi-square tests or Fisher’s exact tests. Kaplan-Meier method estimated
median RFS, OS, and TRBM, with Log rank test for comparisons. Univariate and multivariate Cox proportional hazards
models identified independent risk factors. The Cox proportional hazards model for identifying independent prognostic
factors was internally validated through 1000 bootstrap resampling. This approach allowed us to assess the stability and
reliability of our findings by drawing multiple samples with replacement from the original dataset, simulating the sampling
distribution, and providing an empirical estimate of variability and confidence intervals for our results, as well as calculating
the C-index after each bootstrap sample and the confidence interval after 1000 resamples. Binary logistic regression
(forward: likelihood ratio) was used to determine independent predictors of the occurrence of RBM. The predictive abilities
of RBM and recurrence for overall survival (OS) were compared using time-dependent receiver operating characteristic
(ROC) curves, with the corresponding area under the curve (AUC) estimates providing a measure of their discriminatory
power.'® The optimal cut-off values for platelet (PLT) counts (80x10°/L) and C-reactive protein (CRP) levels (1.81 mg/L)
were determined based on our previously published study, which utilized survival ROC curves to calculate the ideal
thresholds."* Analyses were bilateral; statistical significance was P < 0.05, conducted in R version 4.4.1 (https://www.
r-project.org/), SPSS version 25.0 (IBM, United States), and GraphPad Prism 8.0.1(244) (USA, GraphPad Software).

Results

Study Population

The baseline characteristics of the potentially transplantable patients with solitary early-stage HBV-related hepatocel-
lular carcinoma 3 cm or smaller in diameter, who underwent radical ablation, are presented in Table 1. A total of 191
patients (161 men, 30 women) were included in our study. Among these potentially transplantable patients, the median
age and tumor size were 55 years (interquartile range 46—62 years) and 2.1 cm (interquartile range 1.6-2.5 cm),
respectively. Of the enrolled patients, 30 (15.7%) patients had Albumin-bilirubin (ALBI) grade 2, and no patients had
ALBI grade 3. Cirrhosis was present in 108 (56.5%) patients. PLT counts < 80x10°/L were observed in 38 (19.9%)
patients, and CRP level > 1.81 mg/L was observed in 61 (31.9%) patients. The remaining baseline characteristics are
detailed in Table 1.
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Table | Demographic and Clinical Characteristics of the Enrolled
HCC Participants

Variables N=191 or Median

(n % or Interquartile Q,-Q3)
Gender (male vs female) 161 vs 30 (84.3 vs 15.7)
Age (y) 55 (46, 62)
ALB (g/L) 42.40 (39.00, 45.60)
Cirrhosis (Absent vs Present)* 83 vs 108 (43.5 vs 56.5)
TBIL (umol/L) 15.10 (11.30, 21.20)
Prothrombin Time (s) 12.20 (11.50, 13.10)
PLT (x10°/L) 132.40 (87.00, 179.00)
PLT (<80 10%/L vs >80%10%/L) 38 vs 153 (19.9 vs 80.1)
CRP (mg/L) 1.32 (0.66, 2.27)
CRP (21.8] mg/L vs <1.8] mg/L) 61 vs 130 (31.9 vs 68.1)
AFP (ng/mL) 44.02 (5.03, 297.60)
AFP
0-100 117(61.3)
101-1000 53 (27.7)
>1000 21 (11.0)
Tumor Size (cm) 2.1 (1.6, 2.5)
Tumor Size (>2 cm vs <2 cm) 107 vs 84 (56.0 vs 44.0)
ALBI (Grade 2 vs Grade 1) 30 vs 161 (15.7 vs 84.3)

Note: *The diagnosis of cirrhosis is based on imaging tests.
Abbreviations: ALB, Albumin; TBIL, Total bilirubin; PLT, Platelet; CRP, C-reactive
protein; ALBI, Albumin-bilirubin; AFP, alpha-fetoprotein.

Time to Recurrence Beyond Milan Criteria (TRBM), Overall Survival (OS) and

Recurrence-Free Survival (RFS) in the Entire Cohort

With regard to TRBM, 45.0% (86/191) potentially transplantable HCC patients experienced final recurrence beyond the
Milan criteria (RBM) during follow-up. The median TRBM was 10.54 years (95% CI: 8.26—12.83). The cumulative rates
of survival without RBM at 3, 5, 8, 10 and 13 years were 77.3%, 65.9%, 56.5%, 51.0% and 37.6%, respectively. In terms
of OS, 34.0% (65/191) potentially transplantable HCC patients died during follow-up. The median OS was 12.61 years
(95% CI: 8.50-16.73). The cumulative OS rates at 5, 8, 10 and 14 years were 76.4%, 66.8%, 60.1% and 44.5%,
respectively. Concerning the RFS, 65.9% (126/191) potentially transplantable HCC patients experienced a final recur-
rence during follow-up. The median RFS was 4.07 years (95% CI: 2.91-5.23). The cumulative RFS rates at 3, 5, 8 and
10 years were 60.4%, 44.8%, 32.6% and 28.1%, respectively (shown in Figure 2).

Analysis of Risk Factors of TRBM, OS and RFS

Analysis of Risk Factors of TRBM

To identify potential predictors of TRBM, we conducted a stepwise univariate analysis using the Cox proportional hazards
model with all baseline variables. This initial assessment indicated that age, albumin concentration, presence of cirrhosis,
prothrombin time, PLT counts, CRP level, tumor size, and ALBI grade may be predictors of TRBM. To mitigate issues
related to multicollinearity, these factors were selected for inclusion in a subsequent time-dependent multivariate Cox
regression analysis, specifically focusing on age, cirrhosis, prothrombin time, PLT counts (<80x10%/L vs >80x10%/L), CRP
level (>1.81 mg/L vs <1.81 mg/L), tumor size (>2 cm vs <2 cm) and ALBI grade. The multivariate analysis revealed that
advanced age, elevated CRP levels (>1.81 mg/L), and reduced PLT counts (<80x10°/L) emerged as independent predictors of
TRBM (Table 2). The robustness and reliability of these findings were internally validated through 1000 bootstrap
resampling (Supplementary Figure 1A and B). Building upon these findings, we devised a novel scoring system, the Platelet-
CRP Score (PCS), by integrating PLT and CRP values. The median TRBM between the different groups of PLT, CRP and
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Figure 2 Kaplan-Meier curves for time to recurrence beyond Milan criteria (TRBM), overall survival (OS), and recurrence-free survival (RFS) in the entire cohort.The
median TRBM was 10.54 years (95% Cl: 8.26—12.83 years); the median OS was 12.61 years (95% Cl: 8.50-16.73 years); and the median RFS was 4.07 years (95% ClI:
2.91-5.23 years).

Abbreviations: TRBM, time to recurrence beyond Milan criteria; OS, overall survival; RFS, recurrence-free survival; Cl, confidence interval.

PCS was compared by Log rank test (shown in Figure 3A-3C). Specifically, PCS 1 encompassed potentially transplantable
HCC patients, characterized by PLT >80x10%/L and CRP<1.81 mg/L, exhibiting an RBM incidence rate of 31.4% (34 out of
108 patients) and a median TRBM period that was not reached (NR, 95% confidence interval: NR - NR). Conversely, PCS 2

Table 2 Univariate and Multivariate Analyses of TRBM in the Whole Cohort

Variable Univariate Analysis Multivariate Analysis
HR (95% CI) P value HR (95% CI) P value

Gender (female vs male) 1.283 (0.735-2.241) 0.381 - -
Age (y) 1.027 (1.005-1.050) 0.016 1.030 (1.007—-1.053) 0.011
ALB (g/L) 0.932 (0.890-0.977) 0.004 - -
Cirrhosis (Present vs Absent) 1.938 (1.228-3.059) 0.004 - 0.114
TBIL (umol/L) 1.012 (0.982-1.043) 0.428 - -
Prothrombin Time (s) 1.342 (1.120-1.608) 0.001 - 0.301
PLT (x10°/L) 0.993 (0.989-0.997) 0.001 - -
PLT (<80x10%/L vs >80x10°/L) 2.255 (1.428-3.562) | <0.001 | 2.269 (1.424-3.615) 0.001
CRP (mg/L) 1.029 (1.002—1.056) 0.034 - -
CRP (21.81 mg/L vs <I.81 mg/L) | 2.057 (1.341-3.156) 0.001 1.832 (1.190-2.820) 0.006
AFP (ng/mL) 1.000 (1.000-1.000) 0.509 - -
AFP 0.696 - -
0-100 Reference

101-1000 1.095 (0.677-1.769) 0.712 - -
>1000 0.759 (0.345-1.668) 0.493 - -
Tumor Size (cm) 1.040 (1.000-1.082) 0.052 - -
Tumor Size (>2 cm vs <2 cm) 1.046 (0.939-2.271) 0.093 - 0.148
ALBI (Grade 2 vs Grade 1) 2.069 (1.345-3.183) 0.001 - 0.278

Notes: Data were analyzed using Cox regression, with variables showing a P-value <0.1 in univariate analysis included in
the multivariate model. The significance level was 0.05.

Abbreviations: TRBM, time to recurrence beyond the Milan criteria; ALB, Albumin; TBIL, Total bilirubin; PLT, Platelet;
CRP, C-reactive protein; ALBI, Albumin-bilirubin; HR, hazard ratio; AFP, Alpha-fetoprotein; Cl, Confidence Interval.
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Figure 3 Kaplan-Meier curves for independent prognostic factors of time to recurrence beyond Milan criteria (TRBM).(A and B) Patients with elevated serum C-reactive
protein (CRP) levels or reduced platelet (PLT) counts exhibited a lower TRBM rate compared to those with lower serum CRP levels and higher PLT counts. (C) PLT and
CRP levels were integrated to devise a novel prognostic score, termed the PLT-CRP Score (PCS). The PCS classification is as follows: PCS | includes potentially
transplantable HCC patients characterized by PLT >80%1079/L and CRP <I.8] mg/L, demonstrating an RBM incidence rate of 31.4% (34 out of 108 patients) with
a median TRBM not yet reached (NR, 95% confidence interval: NR - NR). In contrast, PCS 2 comprises patients meeting either criterion of PLT<80%[079/L and CRP
<1.81 mg/dL or PLT>80x1079/L coupled with CRP21.8] mg/dL, exhibiting a heightened RBM incidence of 59.7% (40 out of 67 patients) and a median TRBM of 6.27 years
(95% Cl: 3.82-8.73 years). Finally, PCS 3 is designated for patients with both PLT<80x |0A9/L and CRP=1.8| mg/dL, revealing the highest RBM incidence at 75.0% (12 out of
16 patients) alongside a median TRBM of 4.07 years (95% Cl: 0.00-6.43 years).

Abbreviations: TRBM, time to recurrence beyond Milan criteria; CRP, C-reactive protein; PLT, platelet; PCS, PLT-CRP score; RBM, recurrence beyond Milan criteria;
NR, not reached.

grouped patients with either PLT<80x10°/L or CRP<1.81 mg/L but not both, demonstrating an RBM occurrence rate of
59.7% (40 out of 67 patients) and a median TRBM of 6.27 years (95% CI: 3.82—8.73 years). Lastly, PCS 3 represented
individuals with both PLT<80x10°/L and CRP>1.81 mg/L, who experienced the highest RBM incidence at 75.0% (12 out of
16 patients) and a median TRBM of 4.07 years (95% CI: 0.00-6.43 years)(shown in Figure 3C). Additionally, we compared
the ability of PCS, CRP level, and PLT counts to predict TRBM and found that the predictive ability of PCS was significantly
superior to that of CRP level and PLT counts (P<0.05)(Supplementary Figure 2 and Supplementary Table 1).

Analysis of Risk Factors of OS

The initial stepwise univariate analysis employing the Cox proportional hazards model for OS identified several baseline
characteristics as potential predictors: age, albumin concentration, total bilirubin level, prothrombin time, PLT counts,
CRP level, tumor size, and ALBI grade. To address potential collinearity issues among these variables, we selectively
incorporated age, prothrombin time, dichotomized PLT counts (<80x10°/L versus >80x10°/L), CRP thresholds
(>1.81 mg/L versus <1.81 mg/L), tumor size, and ALBI grade into a subsequent time-dependent multivariate Cox
regression analysis. This rigorous statistical approach confirmed that advanced age, larger tumors, and reduced PLT
counts (<80x10%/L) stood independently as significant risk predictors for worse OS outcomes (Supplementary Table 2).

Analysis of Risk Factors of RFS
Stepwise univariate analysis suggests that age, albumin concentration, cirrhosis, PLT, CRP, Alpha-fetoprotein (AFP) and
tumor size may be predictors of RFS. Moreover, we included these variables into a time-dependent multivariate Cox
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Table 3 Patterns of HCC RBM Following Ablation as First-Line Therapy

Patterns of RBM n=191 (%) PCS P-value
PCSI (n=108) | PCS2 (n=67) | PCS3 (n=16)

Number of RBM' 86 (45.0) 34 (31.4%)* 40 (59.7%)° 12 (75.0%)° | <0.001

RBM at first recurrence! 25 (13.1) 9 (8.3%)* 13 (19.4%)* 3 (18.8%)* 0.056*

Phenotypes of RBMT - - - - -

Tumor size or/and number 29 (15.2) I (10.2%)* 17 (25.0%)° I (6.2%)° 0.019*

Vascular invasion or/and metastatic disease | 57 (29.8) 23 (21.3%)* 23 (34.3%)* Il (68.8%)° <0.001

Notes: T Among the HCC patients in the whole cohort or in each group;*Fisher’s exact test; Superscripts “a” and “b” are used to describe statistical
differences between different groups. Different superscripts indicate significant differences between the corresponding data (eg, “a” vs “b”), while the
same superscript indicates no significant difference between the corresponding data (eg, “a” vs “a”, “b” vs “b”, “a,b” vs “a”, or “a,b” vs “b”).
Abbreviations: HCC, hepatocellular carcinoma; RBM, recurrence beyond Milan criteria; PCS, PLT - CRP score; PLT, platelet; CRP, C-reactive
protein.

proportional hazard regression model, and found that cirrhosis, larger tumors, high CRP concentrations (CRP>1.81 mg/
L) and higher AFP were independent risk predictors of RFS (Supplementary Table 3).

Patterns of Recurrence Beyond Milan Criteria (RBM) After Radical Ablation

The comparison of patterns of RBM across different Platelet-CRP Score (PCS) groups revealed statistically significant
variations in RBM incidence among patients stratified by PCS (P<0.001) (Table 3). Notably, despite rigorous post-
therapeutic radiographic monitoring, patients classified as PCS2 (19.4%) and PCS3 (18.8%) exhibited elevated RBM
rates at the time of first recurrence compared to those in PCS1 (8.3%) (P=0.056) (Table 3). Additionally, we compared
the baseline characteristics between patients with HCC recurrence within the Milan criteria (40 cases) and those with
HCC recurrence beyond the Milan criteria (86 cases). We found that advanced age, thrombocytopenia, low albumin
concentration, prolonged prothrombin time, and poor liver function were significantly associated with HCC recurrence
beyond the Milan criteria. However, we did not find a significant association between elevated CRP and HCC recurrence
beyond the Milan criteria (Supplementary Table 4). This may be due to the fact that we only analyzed the recurrent

population and the sample size was reduced, leading to insufficient representativeness. Therefore, we further included the
entire population for binary logistic regression analysis which identified cirrhosis, high CRP levels (>1.81 mg/L), and
diminished PLT counts (PLT<80x10°/L) as independent risk predictors of the occurrence of RBM (Table 4). In the

Table 4 Univariate and Multivariate Analysis of the Occurrence of HCC RBM in the Whole

Cohort
Variable Univariate Analysis Multivariate Analysis
HR (95% CI) P value HR (95% CI) P value
Gender (female vs male) 1.268 (0.581-2.766) 0.551 - -
Age (y) 1.029 (1.001-1.058) | 0.046 - 0.103
ALB (g/L) 0.906 (0.848-0.968) | 0.003 - -
Cirrhosis (Present vs Absent) 2279 (1.261-4.117) | 0.006 1.976 (1.059-3.687) | 0.031
TBIL (umol/L) 1.020 (0.979-1.063) | 0.350 - -
Prothrombin Time (s) 1.629 (1.219-2.176) | 0.001 - 0.166
PLT (x10°/L) 0.990 (0.985-0.995) | <0.00I - -
PLT (<80x10%/L vs >80x10°/L) 3911 (1.805-8.471) | 0.001 3.260 (1.471-7.228) | 0.004
CRP (mg/L) 1.031 (0.975-1.091) | 0.285 - -
CRP (21.81 mg/L vs <1.81 mg/L) | 2.548 (1.365-4.758) | 0.003 | 2.369 (1.236-4.542) | 0.009
AFP (ng/mL) 1.000 (1.000-1.000) | 0.415 - -

(Continued)
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Table 4 (Continued).

Variable Univariate Analysis Multivariate Analysis
HR (95% CI) P value HR (95% CI) P value

AFP 0516 - -
0-100 Reference

101-1000 0.933 (0.486—1.790) 0.834 - -
>1000 0.564 (0.212—1.498) 0.250 - -
Tumor Size (cm) 1.054 (1.001-1.111) 0.048 - -
Tumor Size (>2 cm vs <2 cm) 1.808 (1.009-3.240) 0.046 - 0.067
ALBI (Grade 2 vs Grade 1) 2.692 (1.435-5.051) 0.002 - 0.218

Notes: Data were analyzed using binary logistic regression, with variables showing a P-value <0.l in univariate analysis
included in the multivariate model. The significance level was 0.05.

Abbreviations: HCC, hepatocellular carcinoma; RBM, Recurrence beyond the Milan criteria; ALB, Albumin; TBIL, Total
bilirubin; PLT, Platelet; CRP, C-reactive protein; ALBI, Albumin-bilirubin; HR, hazard ratio; AFP, Alpha-fetoprotein; ClI,
Confidence Interval.

phenotype of RBM related to tumor size or/and number, a marked disparity was observed between PCS groups, with
PCS2 patients (25%) demonstrating a significantly heightened RBM incidence relative to PCS1 (10.2%) (P=0.019)
(Table 3). In the phenotype of RBM associated with vascular invasion or/and metastatic disease, PCS3 individuals
(68.8%) manifested a strikingly higher RBM rate than both PCS1 (21.3%) and PCS2 (34.3%) cohorts (P<0.001),
underscoring the prognostic significance of the PCS classification in predicting diverse RBM presentations (Table 3).

RBM Versus Recurrence in Predicting OS

We conducted a comparative analysis of overall survival (OS) between patients with RBM and those without RBM
using Kaplan-Meier survival curves. The Log rank test was employed to assess the statistical significance of the
differences in survival rates between the two groups. The findings demonstrated a significantly prolonged OS in the
non-RBM cohort compared to patients experiencing RBM (P<0.001)(Figure 4A). A similar trend was observed
when comparing OS between patients without recurrence and those with recurrence, where the former group
exhibited significantly longer survival (P<0.001) (Figure 4B). To further evaluate the predictive efficacy of RBM
and recurrence for long-term OS, we generated time-dependent ROC curves and computed the AUC at both 8 and
10 years post-ablation. Our analysis revealed that RBM was a significantly superior predictor of 8-year OS in
potentially transplantable patients with solitary early-stage HCC following radical ablation, with an AUC of 0.84
(95% CI: 0.77-0.90), compared to recurrence, which had an AUC of 0.68 (95% CI: 0.60-0.75) (P < 0.001 for
comparison) (Figure 4C). This advantage persisted at the 10-year mark, where RBM maintained a high predictive
value with an AUC of 0.87 (95% CI: 0.78-0.95), whereas recurrence yielded an AUC of 0.68 (95% CI: 0.58-0.78)
(P < 0.001 for comparison) (Figure 4D). The differential predictive performance of RBM and recurrence across
various time points is illustrated comprehensively in Supplementary Figure 3, highlighting the consistent superiority

of RBM in forecasting OS outcomes. Additionally, our investigation into the timing of recurrence and RBM
revealed that early recurrences, defined as those occurring within 2 years post-ablation, were correlated with notably
shorter OS compared to late recurrences (P = 0.0004) (Supplementary Figure 4A)."°> Similarly, early RBM

(occurring within 2 years post-ablation) was linked to significantly shorter OS compared to late RBM (time interval
between ablation and RBM > 2 years) (P< 0.0001)(Supplementary Figure 4B). Those findings underscores the

prognostic relevance of both the occurrence and timing of recurrence and RBM in the context of HCC management
following radical ablation procedures.
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Figure 4 Kaplan-Meier curves for RBM (A) and recurrence (B). Comparison of the predictive ability of RBM and recurrence for OS using time-dependent ROC and the
estimated AUC at 8 years (C) and 10 years (D).

Abbreviations: RBM, recurrence beyond Milan criteria; ROC, receiver operating characteristic; AUC, area under the curve.

Discussion

In our study, after over 10 years of follow-up, 65.9% (126/191) of potentially transplantable patients with solitary HBV-
related early-stage HCC recurred post-ablation, with 68.3% (86/126) exceeding Milan Criteria. The median recurrence-
free survival (RFS), time to recurrence beyond Milan Criteria (TRBM) and overall survival (OS) were 4.07, 10.54 and
12.61 years, respectively. The serum CRP >1.81 mg/L and peripheral PLT < 80x10° /L were independent risk factors for
TRBM and RBM incidence. Additionally, these factors formed a PLT-CRP score (PCS), with higher scores correlating to
more frequent RBM and severe RBM patterns (vascular invasion or/and metastatic disease).

Due to donor scarcity, ablation serves as a crucial interim therapy for early-stage HCC patients awaiting liver
transplantation. However, recurrence, particularly beyond the Milan Criteria (RBM), poses a significant concern, with
68.3% of relapsed patients in our study experiencing RBM, closely aligning with the 71.5% reported by Tsuchiya et al.’
These findings suggest a substantial decrease in the effectiveness of salvage liver transplantation for most patients with
recurrence during follow-up. However, Adam Doyle et al observed that in potentially transplantable patients with solitary
HCC <3 cm treated with radiofrequency ablation as initial therapy, only 41.7% of those who relapsed progressed to RBM
post-ablation,'® which might be due to the shorter median follow-up of 3.6 years in their study, whereas ours had a 7.64-
year follow-up. Although the median follow-up interval reported by Kaoru Tsuchiya et al was only 4.0 years, they
included HCC patients with tumors > 3 c¢m in size and multiple tumors, resulting in a higher proportion of patients with
RBM.’ Ju-Yeon Cho et al reported a median follow-up of 5.7 years, slightly shorter than to ours, but found that only
15.6% of patients with recurrence developed RBM after radiofrequency ablation for single small HCC, lower than in our
and other studies.”'®!” This underestimation is because they limited RBM to the first recurrence. Interestingly, their
results were close to the RBM at first recurrence in our (19.8%, 25/126) and Adam Doyle et al findings (19.1%, 38/
199).16:17
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The association between larger tumor size and higher AFP levels with shorter RFS after ablation is consistent with
our findings (Supplementary Table 3). However, the results of these three studies suggest that tumor size >2 cm is an

independent risk factor for predicting TRBM, inconsistent with our findings (Table 2).>'®!” Similarly, higher AFP levels

did not show significant predictive power for TRBM in our findings,”'¢

which is consistent with the findings of Ju-Yeon
Cho et al.'” The inconsistency in results may stem from factors like HCC heterogeneity, varying biological backgrounds,
and differing endpoint definitions. Notably, Kaoru Tsuchiya et al and Adam Doyle et al had high percentages of early-
stage non-HBV-related HCC patients receiving radiofrequency ablation (89.5% and 64.8%, respectively), whereas our
study focused exclusively on HBV-related HCC.>'® Although Ju-Yeon Cho et al also included a large number of patients
with HBV-associated HCC, their definition of RBM differed significantly from other studies, including ours.>'®'” In fact,
they identified independent risk factors for RBM at the time of the first recurrence, but our identification of RBM
continued throughout follow-up.>'®!” Results from a previous study showed that 29.8% (37/124) of patients with HBV-
associated early-stage HCC with 2-3 ¢cm had RBM after ablation at a median follow-up of 3.14 years.'® However, our
current study updated the median follow-up to 7.64 years and included patients with HBV-associated early HCC less than
2 cm receiving ablation, resulting in an increase in the incidence of RBM to 45.0% (86/191). However, RBM can still
significantly improve the ability to predict OS compared to recurrence at any point in time, which largely indicates the
stability of RBM in predicting 0S'® (Supplementary Figure 3).

Identification of other risk factors for RBM and TRBM was also acquired in our study. Cirrhosis, serum C-reactive
protein (CRP) > 1.81 mg/L, and peripheral platelet (PLT) counts < 80x10°/L were reported in our study as independent
risk factors for predicting the incidence of RBM. In addition, serum CRP > 1.81 mg/L and peripheral PLT < 80x10°/L
were also independent risk factors for TRBM. These results are consistent with the results of our previous study
regardless of the updated median follow-up interval and the inclusion of patients with HBV-related early-stage HCC
less than 2 cm who underwent ablation.'® However, these independent risk factors were not reflected in the results of the
other three previous studies. The main reason for this was that none of the three studies included serum CRP levels in the
baseline characteristics, nor did they explore whether serum CRP levels were an independent predictor of TRBM and the
occurrence of BRM.>'®!7 In addition, two of the studies also did not include platelet count in baseline data, nor did they
explore whether peripheral platelet counts were independent predictors of TRBM and the occurrence of BRM.>!'” Adam
Doyle et al, who included peripheral platelet counts in their study and performed independent factor predictions of
TRBM, found that PLT counts did not significantly predict TRBM, but they included mainly non-HBV-related HCC
patients (only 35.2% of HBV-related HCC patients).'® In fact, there have been many studies to confirm the association
between low preoperative peripheral platelet count and poor prognosis in HCC patients who have undergone ablation or
resection, such as intrahepatic distant recurrence, shorter OS and RFS, which has also been further confirmed by Meta-
Analysis.'”?° The mechanism by which platelets and C-reactive protein cause poor prognosis has been elaborated in our
previous studies.'®! Briefly, in the absence of acute infection, preoperative low peripheral platelet counts and high
C-reactive protein may reflect a more obvious background of chronic hepatitis in HCC patients. Inflammation is closely
related to the occurrence and development of HCC, and a high inflammatory response indicates more malignant tumor
characteristics and resistance to treatment.?' This is also confirmed by the correlation between higher PCS (consists of
high PLT and/or high CRP) and significantly higher incidence of RBM and significantly more malignant RBM phenotype
(vascular invasion or/and metastatic disease) (Table 3).

Our study indicates that RBM is a more effective predictor of OS than RFS in early-stage HCC, underscoring the
importance of using RBM as the primary endpoint in clinical trials, such as those on postoperative adjuvant therapy for
early-stage HCC.?* Our study highlights that early RBM is significantly linked to shorter median overall survival, similar
to early recurrence. This finding emphasizes the need for vigilant monitoring and intervention against both early RBM
and recurrence. Notably, as the follow-up period extended, the predominant pattern of RBM shifted from tumor size/
number issues to vascular invasion or metastatic disease, accounting for 66.3% of cases. This underscores the criticality
of timely and effective strategies to prevent RBM in high-risk patients, irrespective of post-ablation recurrence status.'®

Our study’s main limitations are its single-center, retrospective nature. However, the lengthy median follow-up
interval is a significant advantage, allowing more accurate statistical analysis of RBM incidence and reliable prediction of
independent risk factors for TRBM. Our reported median follow-up is among the longest in studies on early HCC RBM
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post-ablation. Additionally, our focus on potentially transplantable HBV-related early-stage HCC patients suggests
further exploration is needed to determine if these conclusions apply to non-HBV-related cases as well.

In conclusion, our study indicates that for transplantable candidates with solitary early-stage HBV-HCC<3 cm, those
with preoperative CRP >1.81 mg/L, PLT <80x10°/L, older age, and cirrhosis require closer monitoring and adjunct
interventions post-ablation to facilitate timely salvage transplantation if recurrence occurs within Milan criteria. In donor-
scarce regions, resection may serve as a bridge to salvage transplantation in the hope of obtaining a longer wait for
a donor. Given its strong OS predictive power, recurrence beyond Milan Criteria could be a viable primary endpoint in
early-stage HCC trials.

Highlights

e The majority of potentially transplantable patients with solitary HBV-associated early-stage HCC <3 cm will
experience recurrence beyond Milan Criteria after 10 years following radical ablation. Encouragingly, these outcomes
can be effectively predicted by identifying preoperative features including elevated serum C-reactive protein(CRP),
low peripheral platelet (PLT) counts, presence of cirrhosis, and older age.

e Furthermore, an elevated PCS, integrating CRP and PLT, is significantly associated with a more aggressive phenotype
of RBM, characterized by vascular invasion or metastatic dissemination.

e Compared to recurrence, recurrence beyond the Milan criteria may be more appropriate as an alternative primary
endpoint for early HCC-related clinical trials.

Implications for Patients Care

This study will provide important reference significance for selecting the most suitable candidates for thermal ablation
therapy as a bridging treatment to liver transplantation and offer valuable insights into intervention and follow-up
strategies for high-risk populations of recurrent beyond Milan criteria (RBM). Additionally, RBM serves as a viable
primary endpoint in early-stage HCC trials, which may change the existing tumor efficacy evaluation system.
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Criteria; OS, overall survival; CRP, C-reactive protein; PLT, platelet; PCS, PLT - CRP score; HBV, Hepatitis-B virus;
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