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[ Abstract] Objective: To separately evaluate the performance of deep learning (DL) models based on B-mode ultrasound and
contrast-enhanced ultrasound (CEUS) in predicting early recurrence (ER) after radiofrequency ablation (RFA) in patients with
hepatocellular carcinoma (HCC), and to explore their value in clinical decision support. Methods: A retrospective analysis was
conducted on patients diagnosed with HCC by contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI)
who underwent RFA at the Harbin Medical University Cancer Hospital between September 2017 and December 2019. Preoperative
B-mode ultrasound and CEUS dynamic images were collected. Following standardized preprocessing procedures, which included
bounding box cropping for region of interest (ROI) extraction, a three-dimensional residual network (3D ResNet) DL architecture
was employed to develop four distinct predictive models based on different imaging inputs: R-US (B-mode ultrasound), R-CEUS45
(arterial phase, 0-45 s), R-CEUS2 (portal phase, 46 s-2 min), and R-CEUS (dual-phase, 0-1 min). The models were trained and
optimized using a 5-fold cross-validation strategy to enhance robustness. Univariate and multivariate logistic regression analyses
were performed to examine the correlation between ultrasound features and ER, and to identify risk factors for ER. The predictive
performance and clinical application value of the models were assessed using receiver operating characteristic (ROC) curves,
calibration curves, and decision curve analysis (DCA). Results: A total of 139 patients with 139 lesions were included. The data
were randomly split into training and validation sets at an 8: 2 ratio. Multivariate analysis revealed that tumor location in liver
segment S4 and a hypoechoic halo were independent risk factors for ER (all P<0.05). In the validation set, the areas under curve
(AUC) for predicting ER were 0.928, 0.912, 0.871, and 0.807 for the R-US, R-CEUS, R-CEUS2, and R-CEUS45 models,
respectively. DCA indicated that the dual-phase CEUS model offered higher clinical net benefit. Conclusion: DL technology can
effectively utilize dynamic ultrasound imaging to achieve individualized and accurate prediction of early recurrence of HCC after
RFA. The dual-phase CEUS model demonstrates the greatest potential for clinical translation, providing a non-invasive tool for
preoperatively screening patients at high risk of recurrence and formulating personalized follow-up strategies.
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Tab.1 Characteristics of patients

n (%) ks M (Py5, Pis)

FHIE KERA (n=97) BRMH (n=42) VAR PAE
51 1.058 0.304
B/Qc 29 (29.9) 9 (21.4)
T 68 (70.1) 33 (78.6)
AR % 56.8+8.8 55.4+8.8 0.838 0.403
S Al 3.000 0.084
iy 78 (80.41) 40 (95.24)
HAte 19 (19.59) 2 (4.76)
DRI 0.625 0.429
& 83 (85.57) 38 (90.48)
= 14 (14.43) 4 (9.52)
H &M/ (ngemL™) 9.4 (3.0, 45.7) 26.0 (4.7, 154.9) -2.332 0.020
Child-Pugh 43%% 0.674 0.413
A% 75 (77.32) 29 (69.05)
B% 22 (22.68) 13 (30.95)
JigEE % H 0.059 0.809
1 84 (86.60) 37 (88.10)
2 13 (13.40) 5 (11.90)
Jibga R/ mm 27.0 (21.0, 32.0) 23.5 (20.0, 33.0) -1.066 0.287
(VAT 5.367 0.492
S2 12 (12.37) 2 (4.76)
S3 4 (4.12) 3 (7.14)
S4 4 (4.12) 5 (11.90)
S5 26 (26.80) 10 (23.81)
S6 16 (16.49) 6 (14.29)
S7 20 (20.62) 8 (19.05)
S8 15 (15.46) 8 (19.05)
B IX 35k 1.236 0.541
J 51 (52.58) 22 (52.38)
I 28 (28.87) 15 (35.71)
Sliw NI 1K 18 (18.56) 5 (11.90)
[l 2.790 0.417
o [l 16 (16.49) 3 (7.14)
e 31 (31.96) 14 (33.33)
ikl 45 (46.39) 21 (50.00)
RA A 5 (5.15) 4 (9.52)
UL 0.317 0.574
ANTE M 19 (19.59) 10 (23.81)
TR T 78 (80.41) 32 (76.19)
E370 2.138 0.144
TG 72 (74.23) 26 (61.90)

i 25 (25.77) 16 (38.10)
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Tab.2 The performance of deep learning models on the training

and validation sets

il AUC 95% CI  {EfE REFE A
Pl
R-US 0.861  0.843~0.982 0778 0938 0.711
R-CEUS 0938  0.938~0.998 0.899 0939  0.882
R-CEUS2 0951 0.951~0.982 0.881 0.727  0.947
R-CEUS45 0831  0.798-0.831 0.798  0.818  0.789
Lioan S
R-US 0928 0.891~0.946 0741  0.882  1.000
R-CEUS 0912  0.876~0.957 0928 0.648  1.000
R-CEUS2 0871  0.542-0.885 0.857 0.723  0.895
R-CEUS45 0807 0.685-0.827 0.607 0.778  0.526
B 1.0 - | J -
0.8 -
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Fig.3 Comparisons for ER prediction of four ultrasomics models
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Fig.5 Clinical application of four ultrasomics models
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Fig.7 Pre-RFA ultrasound in patients with no recurrence after RFA within 2 years
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Tab.3 Relationship between ultrasound signs and HCC ER after RFA

o AR AT A EAES A R AR5 HT A ZHE T A
OR 95%CI Pfi OR 95%CI PfH OR 95%CI P{i OR 95%CI P{i
PE5 1616 X 35,
ELgc 1.0 1.0 G 1.0 1.0
Tk 1.3 0.6~3.0 0.540 12 0.4~3.8 0.759 bl 12 0.6~2.8 0597 1.6 0.6~4.8 0372
AR % 1.0 09~1.0 0514 1.0 0.9~1.0 0.738 NI IKES 0.6 02~2.0 0437 04 0.1~1.7 0222
#itd il
HAlh 1.0 1.0 o Il 1.0 1.0
I 3.0 0.8~10.7 0.097 32 0.6~183 0.191 EAER 2.7 0.7~10.6 0.164 1.7 0.3~10.0 0.540
R 9Ty 23 0.6~89 0219 29 0.6~148 0210
7 1.0 1.0 IRA A 43 0.7~25.9 0.115 22.5 2.2~232.1 0.009*
= 0.7 02~22 0524 1.1 02~54 0950 SR
MG/ (ng'mL") 1.6 1.0~23 0.029 1.6 1.0~2.6 0.063 N 1.0 1.0
Child-Pugh 434 L 0.7 03~1.8 0479 0.5 0.1~1.8 0.293
B 1.0 1.0 IR
A% 13 04~38 0.627 1.6 04~62 0.504 7 1.0 1.0
JiiEE % H H 1.8 0.8~3.8 0.146 7.0 1.2~40.5 0.030%
1 1.0 1.0 1 min 33
2 0.9 0.3~2.6 0.809 0.9 02~3.9 0912 TR R 1.0 1.0
JibggE K/l mm 1.0 09~1.0 0.495 0.9 0.9~1.0 0.065 B3 0.8 0.1~4.5 0.809 3.0 0.2~40.1 0.407
i E g 2.0 0.3~11.7 0.432 7.9 0.5~116.8 0.131
S2 1.0 1.0 I TR 5
S3 4.5 0.5~37.4 0.164 6.2 0.5~73.5 0.151 b 1.0 1.0
S4 7.5 1.0~55.0 0.047 14.4 1.3~157.1 0.029 S 1.1 0.1~10.6 0.927 0.8 03~25 0.696
S5 2.1 0.4~11.1 0.393 2.1 0.3~152 0.453 35 33 04~29.6 0287 1.0 04~2.7 0.506
S6 23 04~132 0368 1.5 02~123 0.711
S7 24 04~132 0315 1.6 0.2~12.1 0.634

S8 3.6 0.7~20.0 0.142 5.2 0.7~39.4 0.112
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