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Abstract: Objective: To investigate the predictive value of serum alpha - fetoprotein (AFP), lectin-reactive alpha-feto-
protein (AFP-L3), and multimodal magnetic resonance imaging (MRI) radiomics in forecasting therapeutic efficacy 
and prognosis following radiofrequency ablation (RFA) in patients with hepatocellular carcinoma (HCC). Methods: A 
retrospective analysis was conducted on HCC patients who underwent RFA between January 2019 and December 
2023. Clinical and radiologic features of HCC were analyzed. A predictive model was developed using clinical data 
and radiomic features collected before surgery, with the goal of predicting prognosis after RFA. The predictive perfor-
mance of the model was evaluated using AUC values in both training and validation cohorts. Results: A total of 298 
HCC patients were included in the study, divided into a good prognosis group (n=145) and a poor prognosis group 
(n=153). Serum AFP and AFP-L3 levels were significantly higher in the poor prognosis group (P=0.007 and P=0.02, 
respectively). Independent predictive factors included: AFP-L3 (95% CI -1.228, -1.1.61; P<0.001), AFP (95% CI 
0.017, 0.036; P<0.001), intratumoral hemorrhage (95% CI 0.380, 0.581; P<0.001), peritumoral arterial tumor 
enhancement (95% CI 0.193, 0.534; P<0.001) and low signal intensity around liver and gallbladder tumors (95% 
CI 0.267, 0.489; P<0.001). The combined clinical-radiological-radiomics model demonstrated superior predictive 
performance, with AUC value of 0.897 in the training set and 0.841 in the validation set, outperforming individual 
models and sequences. Conclusion: The integrated clinical-radiological-radiomics model showed excellent predic-
tive performance for the prognosis of HCC patients undergoing RFA, surpassing individual models. Key predictors 
included serum AFP, AFP-L3 levels, intratumoral hemorrhage, and peritumoral low signal intensity. This multimodal 
approach offers a promising tool for individualized prognostic assessment and improved clinical decision-making.
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Introduction

Primary liver cancer is one of the most common 
malignancies globally, ranking as the sixth 
most common cancer and the fourth leading 
cause of cancer-related death worldwide in 
2018 [1]. In recent years, the incidence of liver 
cancer has been rising across most countries 
[2]. In China, primary liver cancer is the fourth 
most common malignancy and the second 
leading cause of cancer-related death, with 
hepatocellular carcinoma (HCC) accounting for 
85%-90% of cases [3-5]. Thermal ablation, 
including radiofrequency ablation (RFA) and 

microwave ablation (MWA), has emerged as a 
minimally invasive and effective treatment mo- 
dality, particularly for patients who are ineligible 
for surgical resection [6]. Despite its clinical 
advantages, post-ablation outcomes remain 
highly variable, highlighting the need for reliable 
methods to assess therapeutic efficacy and 
predict tumor recurrence.

RFA uses radiofrequency energy to induce co- 
agulative necrosis in tumor tissue, effectively 
killing tumor cells [7, 8]. RFA is known for its pre-
cision, minimal trauma, few complications, and 
strong repeatability, making it widely utilized in 
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clinical practice [9]. However, despite its effi-
cacy, post-ablation recurrence and treatment 
failure remain significant challenges. Previous 
studies have explored predictive models based 
on clinical, imaging, or molecular data to assess 
treatment outcomes, but these approaches 
often have limitations [10-12]. Many studies 
rely on single data modalities, such as serum 
biomarkers or imaging features, which fail to 
capture the full complexity of tumor biology  
and its microenvironment [13, 14]. Additionally, 
most imaging-based studies focus on visual 
assessment or basic imaging, neglecting the 
potential of advanced radiomics analysis to 
quantify tumor heterogeneity and peritumoral 
characteristics [15, 16]. Similarly, serum bio-
marker studies are often limited by their inabil-
ity to incorporate spatial information about the 
tumor and surrounding tissues. These limita-
tions reduce the accuracy and clinical value of 
existing predictive models.

Tumor markers offer the advantages of conve-
nient detection and high sensitivity compared 
to imaging examinations. Previous studies have 
demonstrated the significance of laboratory 
indicators and clinical characteristics, such as 
alpha-fetoprotein (AFP), lectin-reactive alpha-
fetoprotein (AFP-L3), tumor size, tumor number, 
and Child-Pugh liver function classification, in 
monitoring the therapeutic effect of hepatocel-
lular carcinoma (HCC) [17]. Among these, AFP is 
the most well-established tumor marker, widely 
used alongside imaging examinations to assist 
in the clinical diagnosis and treatment of liver 
cancer after radiofrequency ablation (RFA). 
Although serum AFP is highly specific for diag-
nosing HCC, its sensitivity is low, and it has a 
high false positive rate, leading to misdiagnosis 
or missed diagnoses. Therefore, relying solely 
on AFP for evaluating therapeutic efficacy and 
prognosis after liver cancer RFA is insufficient, 
particularly for patients with preoperative ser- 
um AFP levels below 400 ng/mL, where AFP 
testing alone has limited reference value [18, 
19].

In recent years, radiomics analysis of medical 
images has emerged as a promising research 
area, with broad clinical applications [20, 21]. 
By using logistic regression and machine learn-
ing algorithms, quantitative imaging features 
reflecting tumor microenvironment characteris-
tics - such as cellular structure, necrosis, angio-

genesis, and extracellular matrix deposition - 
can be extracted and analyzed. These features 
provide higher-dimensional imaging data than 
those observed through visual inspection by 
human experts [22]. Radiomics methods de- 
rived from various medical images have gained 
attention as non-invasive diagnostic tools for 
assessing post-RFA outcomes in liver cancer. 
Unlike manual feature extraction, computer 
algorithms enable the extraction of more 2D 
and high-dimensional imaging features, provid-
ing clinicians with more scientifically valuable 
objective data for preoperative planning and 
personalized treatment selection [23, 24].

This study addresses these gaps by integrating 
serum biomarkers and MRI-based radiomics 
features, leveraging their complementary str- 
engths to develop a comprehensive predictive 
model for outcomes after RFA. By incorporating 
radiomics-derived tumor and peritumoral fea-
tures alongside biomarker dynamics, this app- 
roach offers a novel, multidimensional perspe- 
ctive on tumor behavior. To the best of our kn- 
owledge, few studies have systematically com-
bined serum biomarkers with MRI radiomics to 
predict post-RFA outcome in HCC. The novelty 
of this study lies in its integrative design, ad- 
vanced radiomics workflow, and rigorous vali-
dation of the proposed model. This may allow 
personalized treatment planning and improved 
prognosis in HCC patients.

Therefore, this study aimed to investigate the 
predictive value of serum AFP, AFP-L3, and mul-
timodal MRI radiomics in forecasting the thera-
peutic efficacy and prognosis after RFA in HCC 
patients. Ultimately, the goal is to establish a 
predictive model that provides an early, accu-
rate, and non-invasive prognosis after RFA, 
offering a valuable reference for clinical diagno-
sis, treatment, and follow-up.

Materials and methods

Patient selection

A total of 298 patients with HCC from Linyi 
People’s Hospital were retrospectively selected 
as study subjects between January 2019 and 
December 2023. All patients met the diagnos-
tic criteria for HCC as outlined in the Guidelines 
for the Diagnosis and Treatment of Hepato- 
cellular Carcinoma (2019 edition) issued by the 
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Ministry of Health of the People’s Republic of 
China [25]. Among them, 145 individuals were 
classified in the good prognosis group, and 153 
in the poor prognosis group. The patient selec-
tion process is shown in Figure 1. All patients 
received RFA treatment. This study was app- 
roved by the ethics committee of Linyi People’s 
Hospital.

Inclusion criteria: 1) Single tumors with a diam-
eter ≤5 cm; 2) Multiple tumors with a diameter 
≤3 cm and no more than 3 tumors; 3) No portal 
vein tumor thrombus, distant metastasis, or in- 
vasion of adjacent organs; 4) Child-Pugh class 
A or B, or those who meet this standard after 
liver protection treatment; 5) Single tumors >5 
cm or multiple tumors >3 cm that are not ame-
nable to surgical resection; 6) Patients aged 
≥18 years without significant hearing impair-
ment, vision impairment, or dementia before 
operation; 7) Patients with complete and stan-
dardized medical records, including current 
and past medical history, laboratory, and imag-
ing examination results.

Exclusion criteria: 1) Giant tumors or diffuse 
HCC; 2) Tumors ≤3 cm with invasion of the main 
portal vein or its second branch, hepatic vein 
invasion, distant metastasis, or invasion of ad- 
jacent organs; 3) Tumors located on the sur-
face of the liver with more than one-third of the 
tumor exposed; 4) Child-Pugh class C that can-

not be improved after liver-protective treat-
ment; 5) Patients with esophagogastric varice-
al rupture and bleeding within 1 month before 
treatment; 6) Patients with coagulation disor-
ders, uncorrectable abnormal blood counts, or 
significant bleeding tendencies; 7) Patients 
with refractory massive ascites or cachexia; 8) 
Patients with active infections, such as biliary 
system inflammation; 9) Patients with severe 
organ failure (liver, kidney, heart, lung, or brain); 
10) Other conditions, such as impaired con-
sciousness preventing cooperation with treat- 
ment.

Definition of Prognosis: Good prognosis was 
defined as patients who achieved complete 
tumor ablation during the first follow-up (con-
firmed by postoperative imaging) and remained 
disease-free during the follow-up period (up  
to December 31, 2023). Disease-free survival 
(DFS) was defined as the time from RFA to 
either intrahepatic recurrence, extrahepatic 
metastasis, or the last follow-up, with patients 
in this group showing no evidence of recurrence 
during this period. Poor prognosis was defined 
as patients who experienced recurrence, in- 
cluding intrahepatic tumor recurrence, extrahe-
patic metastasis, or local tumor progression, wi- 
thin the follow-up period. Recurrence was con-
firmed through imaging (MRI, CT, or ultrasound) 
and/or elevated serum biomarkers (AFP and 
AFP-L3). Additionally, incomplete tumor abla-

Figure 1. Flow diagram detailing the 
selection of patients included in the 
retrospective analysis. 
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tion observed in the first follow-up MRI was also 
categorized as a poor prognosis.

Data extraction

RFA treatment was performed using CT-guided 
percutaneous puncture with the Aquilion 16- 
row CT scanner and the Olympus Celon bipolar/
multipolar radiofrequency ablation device. Be- 
fore the procedure, all patients underwent rou-
tine MRI and MR-DWI to assess lesion charac-
teristics (number, location, and extent). Labo- 
ratory parameters, including γ-glutamyl trans-
peptidase (γ-GT), platelet count (PLT), serum 
creatinine (SCr), albumin (Alb), neutrophil count 
(NEUT), monocyte count (MONO), AFP-L3 (%), 
and AFP (ng/mL), were measured one day be- 
fore surgery and one week after surgery. These 
data were analyzed using standardized labora-
tory methods in the hospital’s certified clinical 
laboratory: 1) γ-GT, SCr, Alb, PLT, NEUT, and 
MONO were measured with an automated bio-
chemical analyzer (Roche Cobas 8000) using 
enzyme-coupled reaction assays and flow cy- 
tometry. 2) AFP and AFP-L3 levels were mea-
sured using chemiluminescent enzyme immu-
noassay (CLEIA) technology on the LUMIPULSE 
G1200 analyzer (Fujirebio Inc.).

Radiomics analysis consisted of manual seg-
mentation of the volumetric regions of interest 
(VOI), feature extraction, model construction, 
and validation. Two experienced abdominal ra- 
diologists (with >10 years of experience in liver 
imaging) delineated the VOIs on seven MRI se- 
quences (T1WI-FS, T2WI-FS, ADC, arterial ph- 
ase, portal venous phase, transitional phase, 
and hepatobiliary phase) using 3D Slicer soft-
ware. The radiologists independently segment-
ed the tumor (VOItumor), surrounding regions 
(VOI10mm and VOI20mm), and a normal liver 
region (VOIliver), with final delineations deter-
mined by consensus.

Feature extraction was conducted using Py- 
Radiomics (version 3.0.1) to derive 5185 ra- 
diomics features per patient, including signal 
intensity, texture, and wavelet features. Feature 
selection was performed using univariate and 
multivariate logistic regression to identify rele-
vant features, which were retained in a com-
bined column-line chart model. The predictive 
performance of the model was validated using 
the training and validation datasets through 
receiver operating characteristic (ROC) analy-

sis, and calibration was assessed using calibra-
tion curves.

Follow-up protocols included serum AFP and 
AFP-L3 testing, chest CT, and abdominal CT or 
MR enhanced imaging every 3 months for 2 
years and every 6 months thereafter. Disease-
free survival (DFS) was defined as the time from 
RFA to intrahepatic recurrence, extrahepatic 
metastasis, or the last follow-up, ensuring that 
all patients completed follow-up by December 
31, 2023.

Outcome measures

The gold standard for determining the true out-
come of tumor treatment is histopathologic 
examination [26], which is the definitive diag-
nostic method when there is a suspicion of 
tumor residue in the ablation area, local tumor 
progression, or new intrahepatic tumor. How- 
ever, in clinical practice, it is often not possible 
to perform biopsy for every suspected active 
tumor lesion. In this study, a comprehensive 
approach was used to assess lesions without 
biopsy, including imaging modalities (MRI, ul- 
trasound, CT) and monitoring AFP and AFP-L3 
levels. Confirmation was obtained through fol-
low-up, and if a lesion showed progressive gr- 
owth on consecutive imaging follow-up and 
there was a continuous increase in AFP and 
AFP-L3 levels, it was considered to be active 
tumor. Based on the standardized clinical appli-
cation of image-guided liver tumor thermal 
ablation techniques, it was determined wheth-
er the lesion represented residual tumor, local 
tumor progression, or a new intrahepatic tumor.

Regarding the determination of complete abla-
tion, histopathologic examination was not used 
for individual assessment. Instead, in the first 
postoperative follow-up, if no residual tumor 
was found, the tumor margin was evaluated for 
complete ablation by comparing pre-RFA and 
first post-RFA follow-up MRI. If the tumor mar-
gin was determined to be sufficiently ablated, it 
was considered complete ablation, which was 
further confirmed by subsequent follow-ups.

Statistical analysis

Categorical variables for patients in the training 
and validation groups were compared using the 
chi-square test or Fisher’s exact test and are 
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presented as counts and percentages. Univa- 
riate logistic regression was performed to as- 
sess the predictive value of each feature in the 
training group for predicting RFA prognosis. 
Variables with a p-value <0.05 were included in 
the multivariate logistic regression analysis. A 
nomogram was developed using R (version 
3.6.1; http://www.r-project.org/). The clinical 
net benefit of the model was evaluated using 
decision curve analysis. Survival curves were 
generated using the Kaplan-Meier method and 
compared using the log-rank test. Receiver 
operating characteristic (ROC) analysis, includ-
ing the area under the ROC curve (AUC), was 
used to compare the predictive performance of 
the models. Statistical analyses were conduct-
ed with IBM SPSS Statistics (version 22, USA). 
A p-value <0.05 was considered significant.

Results

Comparison of clinical data between the two 
groups

Table 1 presents the characteristics of all sub-
jects. A total of 298 patients with hepatocellu-
lar carcinoma (HCC) were included in this study, 
with 145 individuals in the good prognosis 
group (mean age 71.1±8.3 years) and 153 indi-
viduals in the poor prognosis group (mean age 
64.3±10.4 years). There were no significant dif-
ferences between the two groups in terms of 

BMI, systolic blood pressure, diastolic blood 
pressure, or past medical history (all P>0.05). 
The two groups were comparable in terms of 
demographics and clinical characteristics (all 
P>0.05).

Comparison of serum AFP and AFP-L3 levels 
between the two groups

The levels of alpha-fetoprotein and AFP-L3 
were compared between the good prognosis 
and poor prognosis groups before and after 
surgery (Figure 2A and 2B). After surgery, AFP 
levels decreased significantly in both groups 
(P<0.05 for each), but the poor prognosis group 
still exhibited significantly higher AFP levels 
than the good prognosis group (P<0.05) (Figure 
2A). A similar trend was observed for AFP-L3. 
After surgery, AFP-L3 levels decreased signifi-
cantly in both groups (P<0.05 for each), but the 
poor prognosis group still had significantly high-
er AFP-L3 levels than the good prognosis group 
(P<0.05) (Figure 2B). 

Comparison of magnetic resonance imaging 
radiomics between the two groups

Significant differences were observed between 
the two groups in terms of tumor diameter, 
intratumoral fat, intratumoral hemorrhage, and 
peritumoral low signal in the hepatobiliary 
phase (all P<0.05) (Table 2).

Table 1. Clinical characteristics
Good prognosis group (n=145) Poor prognosis group (n=153) P 

Gender 0.857
    Male 80 (55.2%) 86 (56.2%)
    Female 65 (44.8%) 67 (43.8%)
Age 70.5±5.0 69.2±7.8 0.088
BMI (kg/m2) 26.0±3.6 25.7±2.0 0.291
Systolic pressure (mmHg) 127.7±4.5 128.8±5.4 0.068
Diastolic pressure (mmHg) 73.3±7.7 74.6±5.7 0.095
Coronary heart disease 62 (42.8%) 64 (41.8%) 0.871
Cardiac insufficiency 105 (72.4%) 128 (77.1%) 0.349
Renal insufficiency 15 (10.3%) 8 (5.2%) 0.098
Hyperthyroidism 3 (2.1%) 4 (2.6%) 0.756
Sleep apnea 6 (4.1%) 2 (1.3%) 0.131
Hypertension 105 (72.4%) 97 (63.4%) 0.096
Diabetes 32 (22.1%) 31 (20.2%) 0.702
Hyperlipidemia 128 (88.3%) 132 (86.3%) 0.605
Smoking 44 (30.3%) 57 (37.3%) 0.208
Drinking 20 (13.8%) 34 (22.2%) 0.059
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Study population

A total of 160 eligible individuals were random-
ly divided into two groups (1:1 ratio) using com-
puter-generated random numbers: 80 individu-
als were assigned to the training set and 80 to 
the validation set. The clinical characteristics of 
both sets are shown in Table 3. No significant 
differences were found between the two groups 
for most clinical, laboratory, and imaging pa- 
rameters, indicating that the cohorts were well 
balanced. Among the demographic and clinical 
variables, the proportion of male (67.5%) and 
female (32.5%) patients was identical in both 
groups (P=1.000). Age distribution was similar, 
with 63.8% of patients aged ≤55 years and 
36.2% aged >55 years (P=0.789). Hepatitis B 
surface antigen (HBsAg) positivity was obser- 
ved in 85.0% of patients in both groups (P= 

0.675), and the proportions of patients with 
portal hypertension were comparable in the 
training (62.5%) and validation (60.0%) cohorts 
(P=0.621). The successful application of pro-
pensity score matching ensured comparability 
between the two cohorts across a range of clin-
ical, laboratory, and imaging data. This balance 
enhanced the reliability of subsequent predic-
tive modeling and analysis.

Univariate and multivariate analysis

Univariate and multivariate analyses identified 
predictive factors associated with poor progno-
sis after RFA for HCC (Table 4). Independent 
predictive factors included: AFP-L3 (95% CI 
-1.228, -1.1.61; P<0.001), AFP (95% CI 0.017, 
0.036; P<0.001), intratumoral hemorrhage 
(95% CI 0.380, 0.581; P<0.001), peritumoral 

Figure 2. Comparison of serum AFP and AFP-L3 levels between the two groups before and after surgery. (A) AFP, 
(B) AFP-L3. AFP: alpha - fetoprotein; AFP-L3: lectin-reactive alpha-fetoprotein. Compared to the control group, 
***P<0.001.

Table 2. Comparison of magnetic resonance imaging radiomics between the two groups
Good prognosis  
group (n=145)

Poor prognosis  
group (n=153) P 

Tumor diameter 2.04±0.59 3.79±0.45 0.000
Number of tumors 2.53±0.63 2.41±0.70 0.137
Envelope 62 (42.8%) 64 (41.8%) 0.871
Tumor margin 44 (30.3%) 57 (37.3%) 0.208
Intratumoral necrosis 20 (13.8%) 34 (22.2%) 0.059
Intratumoral fat 133.04±7.74 128.03±5.49 0.000
Intratumoral hemorrhage 32 (22.1%) 11 (20.2%) 0.000
Peritumoral enhancement during arterial phase 6 (4.1%) 2 (1.3%) 0.131
Peritumoral low signal in the hepatobiliary phase 105 (72.4%) 78 (51.0%) 0.000
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Table 3. Characteristics of the training and validation sets
Data Training set (n=80) Validation set (n=80) P value
Gender 0.738
    Male 54 (67.5%) 52 (65.0%)
    Female 26 (32.5%) 28 (35.0%)
Age 0.742
    ≤55 50 (62.5%) 52 (65.0%)
    >55 30 (37.5%) 28 (35.0%)
HBsAg 0.339
    Negative 12 (15.0%) 8 (10.0%)
    Positive 68 (85.0%) 72 (90.0%)
Portal hypertension 0.746
    Yes 50 (62.5%) 48 (60.0%)
    No 30 (37.5%) 32 (40.0%)
AFP-L3 0.519
    ≤10 34 (42.5%) 30 (37.5%)
    >10 46 (57.5%) 50 (62.5%)
AFP 0.750
    ≤200 34 (42.5%) 36 (45.0%)
    >200 46 (57.5%) 44 (55.0%)
ALT 0.519
    ≤40 46 (57.5%) 50 (62.5%)
    >40 34 (42.5%) 30 (37.5%)
AST 0.748
    ≤40 48 (60.0%) 46 (57.5%)
    >40 32 (40.0%) 34 (42.5%)
TBiL 0.873
    ≤17.1 45 (56.2%) 46 (57.5%)
    >17.1 35 (43.8%) 34 (42.5%)
PLT 0.751
    ≤100 42 (52.5%) 44 (55.0%)
    >100 38 (47.5%) 36 (45.0%)
PT 0.750
    ≤13.1 36 (45.0%) 34 (42.5%)
    >13.1 44 (55.0%) 46 (57.5%)
MR manifestation of tumor diameter 0.751
    ≤3 44 (55.0%) 42 (52.5%)
    >3 36 (45.0%) 38 (47.5%)
Number of tumors 0.750
    Single 46 (57.5%) 44 (55.0%)
    Multiple 34 (42.5%) 36 (45.0%)
Envelope 0.751
    Incomplete 42 (52.5%) 44 (55.0%)
    Complete 38 (47.5%) 36 (45.0%)
Tumor margin 0.751
    Smooth 44 (55.0%) 42 (52.5%)
    Unsmooth 36 (45.0%) 38 (47.5%)
Intratumoral fat 0.525
    Yes 34 (42.5%) 38 (47.5%)
    No 46 (57.5%) 42 (52.5%)
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arterial tumor enhancement (95% CI 0.193, 
0.534; P<0.001) and low signal intensity 
around liver and gallbladder tumors (95% CI 
0.267, 0.489; P<0.001).

Number of selected features in a single se-
quence

In this study, we selected the best 4 clinical  
and radiologic data and 12 radiomic featur- 
es. We established three models: a radiomics 
model, clinical-radiomics model, and clinical-
radiological-radiomics model (Table 5).

Predictive performance of individual sequenc-
es

Individual sequence results showed that T1WI-
FS had a higher AUC (0.874 vs. 0.798, training 
group vs. validation group) and hepatobiliary 
phase had a higher AUC (0.863 vs. 0.756, train-
ing group vs. validation group) compared to 
other sequences (Table 6). Features extracted 
from both the training and validation groups 
outperformed those from T2WI-FS, ADC, arteri-
al phase, portal venous phase, and transitional 
phase. To further validate the differences in 
AUCs, we conducted statistical comparisons 
using the DeLong test. 

Discussion

To predict the prognosis of hepatocellular carci-
noma (HCC) patients after RFA, this study es- 
tablished and validated a predictive model 
using a multi-modal imaging radiomic nomo-
gram that incorporated post-RFA serum AFP 
and AFP-L3 levels. The model identified inde-
pendent risk factors for post-RFA prognosis, 
including AFP, AFP-L3, capsule integrity, arterial 
phase tumor enhancement, radiomic vascular 
imaging (RVI), and radiomics score. The nomo-
gram demonstrated satisfactory performance 
in both the training and validation groups. 
Calibration curves showed good consistency 
between predicted and actual probabilities. 
Moreover, the model’s prediction of time to 
recurrence was consistent with histopathologic 
results.

The measurement of serum AFP and AFP-L3 
concentrations is a widely used method for 
screening HCC and plays a significant role in 
predicting prognosis [27]. Elevated AFP and 
AFP-L3 concentrations have been shown to 
predict poor prognosis after RFA in HCC pa- 
tients [28, 29], consistent with the findings of 
this study. Specifically, this study identified an 
AFP concentration >200 ng/mL as an indepen-

Peritumoral enhancement during arterial phase 0.751
    Yes 44 (55.0%) 42 (52.5%)
    No 36 (45.0%) 38 (47.5%)
Note: HBsAg: Hepatitis B surface antigen; AFP-L3: lectin-reactive alpha-fetoprotein; AFP: Alpha - fetoprotein; ALT: Alanine Ami-
notransferase; AST: Aspartate Aminotransferase; TBiL: Total Bilirubin; PLT: Platelet Count; PT: Prothrombin Time; MR: Magnetic 
Resonance. 

Table 4. Univariate and multivariate logistic regression analysis

Data
Univariate analysis Multivariate analysis

OR 95% CI P OR 95% CI P
AFP-L3 1.312 -0.674, 1.324 0.044 46.127 -1.228, -1.1.61 0.000
AFP 2.469 -0.764, 0.714 0.026 5.564 0.017, 0.036 0.000
Tumor diameter 1.003 -0.984, 0.874 1.001
Number of tumors 0.957 0.694, 3.795 0.912

Envelope integrity 4.654 0.544, 2.174 0.002 0.162 -0.125, 0.106 0.872

Intratumoral necrosis 1.961 -0.789, 1.678 0.112
Intratumoral fat 1.562 -0.016, 1.487 0.451
Intratumoral hemorrhage 1.962 -0.164, 1.498 0.113 9.403 0.380, 0.581 0.000
Peritumoral enhancement of arterial tumors 4.652 0.754, 2.364 0.001 4.202 0.193, 0.534 0.000
Low signal intensity around liver and gallbladder tumors 2.635 0.225, 1.764 0.012 6.702 0.267, 0.489 0.000
Cirrhosis 1.926 -0.347, 1.654 0.187
Note: AFP-L3: lectin-reactive alpha-fetoprotein; AFP: Alpha - fetoprotein.
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Table 5. Number of selected features in a single sequence

Sequence Total number of features Univariate feature selection Selection of intra group 
correlation coefficients mRMR LASSO selection Multivariate logistic  

regression selection
T1WI-FS 5185 410 160 20 10 10
T2WI-FS 5185 525 168 20 10 10
ADC 5185 428 190 20 8 8
Arterial phase 5185 620 249 20 8 7
Portal venous phase 5185 375 171 20 8 7
Migration period 5185 248 130 20 8 8
Hepatobiliary phase 5185 198 85 20 9 9
Note: mRMR: minimum redundancy and maximum correlation; LASSO: minimum absolute shrinkage and selection operator; T1WI - FS: T1 - weighted imaging with fat suppression; 
T2WI - FS: T2 - weighted imaging with fat suppression; ADC: Apparent Diffusion Coefficient.

Table 6. Efficiency of predicting prognosis by extracting features from different sequences

Sequence
Training group Verification group

AUC Accuracy Susceptibility Specificity AUC Accuracy Susceptibility Specificity
T1WI-FS 0.874 (0.835-0.931) 0.783 0.789 0.772 0.823 (0.769-0.864) 0.798 0.694 0.853
T2WI-FS 0.789 (0.746-0.832) 0.712 0.803 0.632 0.746 (0.712-0.769) 0.703 0.756 0.637
ADC 0.801 (0.778-0.832) 0.763 0.751 0.762 0.664 (0.597-0.763) 0.647 0.586 0.664
Arterial phase 0.796 (0.765-0.843) 0.736 0.745 0.723 0.726 (0.698-0.769) 0.723 0.657 0.756
Portal venous phase 0.712 (0.706-0.789) 0.698 0.762 0.632 0.736 (0.698-0.785) 0.697 0.765 0.637
Migration period 0.795 (0.779-0.826) 0.762 0.736 0.748 0.726 (0.687-0.768) 0.746 0.856 0.698
Hepatobiliary phase 0.863 (0.825-0.896) 0.775 0.697 0.856 0.762 (0.722-0.806) 0.756 0.687 0.789
Note: AUC is displayed with a 95% confidence interval. T1WI - FS: T1 - weighted imaging with fat suppression; T2WI - FS: T2 - weighted imaging with fat suppression; ADC: Apparent 
Diffusion Coefficient.
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dent risk factor for poor prognosis after RFA. 
Other studies have suggested that AFP levels 
above 400 ng/mL are important predictors of 
poor prognosis [30]. In conclusion, elevated 
AFP and AFP-L3 concentrations are key indica-
tors of poor prognosis following RFA. Incomplete 
capsule formation is another critical predictor, 
since it is associated with tumor differentiation 
and immune suppression [31]. Poor differentia-
tion and rapid proliferation hinder the forma-
tion of a complete tumor capsule, facilitating 
tumor spread. Additionally, immune suppres-
sion weakens the surrounding tissue’s anti-
tumor effects, further preventing capsule for-
mation [32].

This study identified RVI as an independent pre-
dictive factor for poor prognosis after RFA in 
HCC. Research suggests that RVI biomarkers, 
which correlate imaging features with gene 
characteristics, may have broad clinical appli-
cability. The model demonstrated an accuracy 
of 89%, sensitivity of 76%, and specificity of 
94% in predicting poor prognosis after RFA 
[33]. The imaging features of RVI consist of 
three independent characteristics: intratumor-
al arteries, peritumoral low attenuation rim, 
and tumor-liver density/signal difference. Intra- 
tumoral arteries are small vessels within the 
tumor that exhibit persistent enhancement dur-
ing the arterial phase. Their presence indicates 
angiogenesis driven by cell factors produced  
by tumor and stromal cells, which leads to in- 
creased tumor vascularization and is associat-
ed with a unique HCC molecular subtype, hei- 
ghtened cell proliferation, matrix invasion, and 
poor prognosis after RFA. The peritumoral low 
attenuation rim appears as a low attenuation 
edge surrounding the tumor during the portal 
venous or transitional phase. This phenomenon 
is likely due to liver tissue fibrosis at the tumor’s 
edge caused by tumor expansion and compres-
sion. Tumor-liver density/signal difference re- 
fers to the signal difference between the tumor 
and adjacent liver parenchyma, without a low 
attenuation halo. The relationship between RVI, 
poor prognosis after RFA, and molecular spec-
tra may allow future reconstruction of gene 
expression in HCC using imaging methods.

However, liver cirrhosis may affect the accuracy 
of RVI in predicting poor prognosis after RFA, as 
it affects the risk of HCC recurrence due to 
underlying liver disease. Cirrhosis may also al- 
ter RVI scoring and tumor biology, making RVI 

less sensitive for predicting microvascular inva-
sion (MVI) [34]. Despite this, our study found 
RVI to be an independent risk factor for MVI, 
and combining gene markers with imaging fea-
tures can enhance the prediction of prognosis 
after RFA in HCC patients.

The rapid advancement of radiomics offers 
more detailed quantitative insight into tumor 
biology and the tumor microenvironment, com-
plementing traditional morphologic features 
[35]. Accurate delineation of the region of inter-
est (ROI) is crucial for radiomic analysis. Unlike 
previous MR radiomic studies, this study used 
three-dimensional data encompassing the en- 
tire ROI. Compared to two-dimensional delinea-
tion, three-dimensional delineation better re- 
flects the tumor’s overall contour and allows for 
a more detailed and reproducible quantitative 
assessment of tumor characteristics. Studies 
have shown that feature extraction based on 
the maximum cross-sectional area in two-di- 
mensional ROIs cannot fully represent the 
entire tumor [36]. Thus, the multi-region, multi-
sequence, three-dimensional radiomic featu- 
res in this study more accurately reflect the 
complete tumor information, leading to more 
objective predictive results.

Different MR sequences have shown varying 
predictive effects on poor prognosis after RFA, 
which is likely influenced by study design and 
sample size. In a previous study, a radiomic 
model based on T1WI, T2WI, DWI, arterial ph- 
ase, portal venous phase, and transitional 
phase achieved AUC values of 0.778 and 0.803 
for the training and validation groups, respec-
tively [37]. In contrast, this study incorporated 
the hepatobiliary phase and achieved higher 
AUC values in both groups. This suggests that 
including more MR sequences improves the 
predictive ability for poor prognosis after RFA.

This study has some limitations. The data were 
obtained from a single center, and the study 
population was relatively small. Future studies 
should expand the cohort and include various 
stages of hepatic cell carcinoma thermal abla-
tion to further validate these findings.

In conclusion, this study developed and validat-
ed a clinical-radiomic nomogram model, incor-
porating serum AFP, AFP-L3, and radiomic fea-
tures, to predict poor prognosis in HCC patients 
undergoing RFA.
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