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Temporal radiomics predicts response to immuno -combination therapy in hepatocellular

carcinoma
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[Abstract] Objective: To develop a combined prediction model that integrates multi-phase contrast-enhanced imaging , intratumoral
heterogeneity (ITH) , time - series radiomics (TSR) and delta - radiomics (DR) features for assessing the therapeutic response of
hepatocellular carcinoma (HCC) to immuno - combination therapy, and to build a clinical decision support system (CDSS) upon it.
Methods: Sixty -two HCC patients who received immuno - combination therapy at the First Affiliated Hospital of Nanjing Medical
University between January 2021 and December 2024 were retrospectively enrolled. Traditional radiomics, ITH, TSR, DR, and clinical
test index density (CTId)features were extracted from arterial, portal-venous and delayed-phase images. A three-stage feature selection
pipeline was employed to identify the optimal feature set, and multiple machine - learning classifiers were trained to construct the
combined model, based on which a CDSS was subsequently developed and evaluated. Results: The combined model yielded a
validation AUC of 0.821(95%CI: 0.629—-0.987) for predicting disease progression, significantly outperforming single-phase radiomics
models (0.706—0.738) , the ITH -only model (0.752) and the clinical model (0.685) , with all differences statistically significant via
Delong test (all P < 0.05). The AUC values for predicting grade = Il and =1l complications reached 0.803 and 0.845, respectively.
Radiomics-based risk stratification independently predicted both progression-free survival (HR=4.36,95%CI: 1.94-9.80, P < 0.001)
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and overall survival (HR=4.23,95%CI: 1.78-10.08, P=0.001). In the early-stage (TNM I — Il )subgroup, PFS stratification remained
robust (x’=14.60, P < 0.001) , whereas the OS difference did not reach statistical significance (P=0.341), likely owing to the limited

subgroup sample size. The established CDSS completed stratification for a single case within 60 seconds, achieving 100% consistency

with manual analysis. Conclusion: The combined radiomics model integrating multi - phase and longitudinal dynamics accurately

characterises therapeutic response and complication risk in HCC immuno-combination therapy, and the accompanying CDSS offers a

quantitative decision-support tool for individualised clinical management.

[Key words] hepatocellular carcinomas; contrast-enhanced MRI; radiomics; time-series; clinical decision support system
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Table 1 The sixteen optimal features of the combined prediction model and their LASSO coefficients
No. Feature name Feature type Data source LASSO coefficient
1 AP_wavelet-LHL,_GLCM_ClusterShade Wavelet-Texture Arterial phase 0.214
2 AP_shape_Sphericity Shape Arterial phase -0.186
3 PVP_firstorder_Skewness First-order Portal-venous phase 0.172
4 PVP_GLSZM_LargeArea Texture Portal-venous phase 0.158
5 DP_GLRLM_RunEntropy Texture Delayed phase 0.143
6 ITH_Habitat_SpatialEntropy ITH Multi-phase voxel-level 0.238
7 ITH_SubRegion_FeatureHeterogeneity ITH Multi-phase voxel-level 0.201
8 ITH_EcologicalDiversityIndex ITH Multi-phase voxel-level 0.177
9 TSR _longitudinal_GLCMContrast_slope TSR Longitudinal dynamics 0.195
10 TSR_longitudinal_firstorder_Mean_slope TSR Longitudinal dynamics -0.184
11 TSR_shape_Volume_ShrinkageRate TSR Longitudinal dynamics -0.213
12 DR_Delta_wavelet-HLL._GLCM_Correlation DR Last-baseline delta 0.167
13 DR_Delta_shape_SurfaceVolumeRatio DR Last-baseline delta 0.149
14 CTId_composite_score Clinical lab Composite lab indices 0.226
15 CTId_Log_AFP Clinical lab Serology 0.181
16 CTId_PIVKA- I _ratio Clinical lab Serology 0.165

AP: arterial phase; PVP: portal - venous phase; DP: delayed phase; ITH: intratumoral heterogeneity; TSR: time - series radiomics; DR: delta-ra-

diomics; CTId: clinical test index density.

H 2 WML A5 415 ITH. TSR\ DR 5 CTId )57
R0 A AR 318 R 2 AR S MBS 5 =
M = RRHE— FF AN FE S, IL 15 134 (81.3%), X
— EO A7) BB Bl BN A5+ S ST 4 B AE AR AR ) 1)
MEFEM. 7573 %05 PG E/ELE b, i
PS5 v T 3 1 I 2R 48 AUC 9 0.852 (95%Cl:
0.738~0.966) , I iiF £ AUC 4 0.821(95%CI: 0.629~

0.987), AT A5 T B WA AR AL (B Ik A 0.712. 1T #%
Jik 399 0.738 . ZE 3R 11 0.706) \ ITH . — L HY (0.752)
TSR H— 1541 (0.743) 5 1% St Il IR 1544 (0.685) , %
“H DeLong i 5 118 i 11 2% 1 X (P $5<0.05, & 3,
1o A i 28 7R 158 2 T A 6 55 S By ke A 26 )
“ R 1T, Hosmer-Lemeshow £ 58 Il 27 48 P=0.642. 5%
IE4E P=0.508 (& 2) . DCA #t— £ 3, £ 0.15~

Fz2 TEMEBAELIFE L
Table 2 Comparison of baseline characteristics among different risk groups
Variable Low-risk (n=10) Intermediate-risk (n=24) High-risk (n=28) P
Agelyears, M(Pas, Pys) ] 57(54,61) 55(51,60) 62(60,67) <0.001
Male[n(%)] 7(70.0) 16(66.7) 23(82.1) 0.422
HBYV infection[n(%) ] 9(90.0) 17(70.8) 21(75.00 0.489
Solitary/Multifocal tumor[n(%) ] 10(100.0/0€0.0) 19(79.2)/5(20.8) 6(21.4)/22(78.6) <0.001
Maximum tumor diameter[ cm, M(Pss, Ps) ] 2.4(2.2,3.3) 7.5(6.7,8.3) 14.2(12.8,16.6) <0.001
Portal vein tumor thrombus[ n(%) ] 1(10.0) 7(29.2) 17(60.7) 0.007
Child-Pugh(A/B)[n(%) ] 9(90.0>/1(10.0) 20(83.3)/4(16.7) 15(53.6)/13(46.4) 0.022
TNMC I =1/M-IV)[n(%) ] 8(80.0>/2(20.0) 14(58.3)/10(41.7) 3(10.7)/25(89.3) <0.001
AFP[ng/mL, M(Pss, P35 ] 70.5(5.4,117.8) 165.5(131.8,400.9) 960.5(321.2,2518.9)  <0.001
PIVKA- Il [mAU/mL; M(Pss, Ps) ] 268.6(102.1,418.00  273.0(52.9,602.6) 1156.8(18.8,4399.5)  <0.001
ALTLU/L, M(Pss, P:5) ] 33.5(26.8,39.2) 37.8(29.9,47.7) 62.9(47.7,82.7) <0.001
ASTLU/L, M(Pss, Pr5) ] 38.2(33.3,42.5) 42.9(31.3,52.6) 58.5(33.9,65.8) <0.001
ALB(g/L;x +s) 40.1 £ 3.1 358 +4.1 33.0+53 <0.001
TACE combination[n(%) ] 10(100.0) 17(70.8) 19(67.9) 0.122
Targeted therapy combination[n(%) ] 7(70.0) 16(66.7) 24(85.7) 0.250
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3 FREMEBLII AT R BTN 2 6 ELR (ISR, n=19)
Table 3 Predictive performance of different models for disease progression(validation set, n=19)

Model type AUC(95%CD Sensitivity(%) Specificity(%) PPV(%) NPV(%) P vs. combined model
Combined model 0.821(0.629-0.987) 76.9 83.3 78.6 80.0 -
Arterial-phase radiomics 0.712€0.541-0.883) 69.2 66.7 64.3 71.4 0.038
Portal-venous-phase radiomics 0.738(0.572-0.904) 71.8 70.1 67.5 73.6 0.046
Delayed-phase radiomics 0.706(0.536-0.876) 68.5 65.3 63.2 70.8 0.035
ITH-only model 0.752(0.592-0.912) 72.4 73.5 69.6 75.9 0.058
TSR-only model 0.743(0.582-0.904) 71.0 72.2 68.4 74.5 0.051
Clinical model 0.685(0.513-0.857) 64.8 62.4 589 67.9 0.021

DeLong test compares the AUC of each model against the combined model.

= Combined model (AUC=0.821)
— ITH-only model (AUC=0.752)
TSR-only model (AUC=0.743)
— Portal-venous-phase radiomics (AUC=0.738)
— Arterial-phase radiomics (AUC=0.712)
— Delayed-phase radiomics (AUC=0.706)
— Clinical model (AUC=0.685)
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Figure 1 ROC curves of different models for predicting

disease progression
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Figure 2 Calibration curve of the combined model
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— Combined model
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— Clinical model
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Figure 3 Decision curve analysis of different models
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Figure 4 90-day complication rates across risk groups
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Table 4 Multivariate Cox regression analysis for survival prognosis of patients

PFS 0S8
Variable HR(95%CD P HR(95%CD P
Risk stratification (High vs. Low/Intermediate ) 4.36(1.94-9.80) <0.001 4.23(1.78-10.08) 0.001
Max tumor diameter(=10 cm vs. <10 cm) 1.52(1.01-2.29) 0.045 1.61(1.05-2.47) 0.029
Multifocal tumor(Yes vs. No) 1.87(1.18-2.96) 0.008 1.93(1.15-3.22) 0.012
Portal vein tumor thrombus(Yes vs. No) 2.15(1.31-3.52) 0.003 2.03(1.28-3.22) 0.003
Child-Pugh(B vs. A) 1.72(1.05-2.82) 0.031 1.78(1.15-2.75) 0.010
TACE combination(Yes vs. No) 1.50€0.66-3.42) 0.337 1.95(0.71-5.33) 0.193
Targeted therapy(Yes vs. No) 0.79(0.41-1.53) 0.486 0.87(0.42-1.80) 0.707
HBYV infection(Yes vs. No) 0.92(0.54-1.55) 0.751 0.88(0.49-1.58) 0.671
Age(=60 years vs. <60 years) 1.14(0.73-1.78) 0.566 1.27€0.79-2.05 0.325
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