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Background and Aims: Recurrence remains common in patients with intermediate to advanced liver
cancer after sequential transarterial chemoembolization (TACE) and radiofrequency ablation (RFA).
Reliable preoperative risk stratification tools are lacking. This study aimed to develop and validate a
multimodal ultrasound-based machine learning model integrating superb microvascular imaging (SMI)
and shear wave elastography (SWE) to predict postoperative recurrence after sequential TACE-RFA

therapy in patients with intermediate to advanced liver cancer, with model interpretability assessed using

Methods: A total of 215 patients with BCLC stage B/C liver cancer were retrospectively enrolled and
randomly divided into a training set (n=150) and a testing set (n=65) at a 7: 3 ratio. Clinical
characteristics, laboratory parameters, and SMI/SWE-derived features were collected. Feature
importance was ranked using random forest, support vector machine, and extreme gradient boosting
(XGB), followed by intersection selection and bidirectional stepwise logistic regression to identify
independent predictors. Seven machine learning algorithms were trained with 10-fold cross-validation.
Model performance was evaluated using the area under the receiver operating characteristic curve

(AUC), sensitivity, specificity, Brier score, and decision curve analysis (DCA). Tree SHAP was applied

Results: Preoperative tumor diameter, AFP level, maximum elastic modulus (Emax), elastic ratio
(Eratio), and vascular morphology were identified as independent predictors of recurrence. The XGB
model achieved the best performance, with AUCs of 0.989 in the training set and 0.959 in the testing set.
Brier scores were 0.034 and 0.056, respectively. DCA demonstrated superior net benefit across a wide
range of threshold probabilities. SHAP analysis indicated that higher Eratio, elevated AFP, irregular

vascular morphology, and larger tumor diameter were associated with increased recurrence risk, whereas

Conclusion: The proposed SMI-SWE-based XGB model provides accurate and clinically useful
prediction of recurrence after sequential TACE-RFA therapy in intermediate to advanced liver cancer.

SHAP-based interpretation enhances model transparency and supports individualized preoperative risk
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SHAP analysis.
to interpret feature contributions.
lower Emax was associated with reduced risk.
assessment.
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CLC number: R735.7
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TRTFARVIBEILE, 28T (transcatheter
arterial chemoembolization, TACE) Hk & & 4l 74 Hil
(radiofrequency ablation, RFA) 1E Jy o B 3 1T 98 2%
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imaging, MRD) 1§ 0 1% 58 T T 0Pl - B, 7 il
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KRB BEUSCIA 17 343 0] )5k s s, T iR
HHHEZ SML 5 SWE K . g8 AdsifE: () &
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Figure 1
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& Al GE Healthcare LOGIQ E10 # 75 2 Wi, B
7 C1-6-D "M PR S (B3R5 ] 1~6 MHz, TR JEE Y
15~20 cm ) K ML6-15-D £k B4 #8 3k (4 % i [ 6~
15 MHz, FEEE X 3~5 cm), H>54F 7 54 A2 b
2000 1 R AT R MR L AR A RS / 2 MG
BB K B A R kR R, B SMT AR S (s
W >30 Hz, 7570 Bl 50~60 dB) il 4 fif s £ i 45 2
BE L R RGE M SWE B b A R
100~500 Hz, 4k FE 0~50 kPa) 3K B8 Az 92 A

Flowchart of patient enrollment

HAUERL R . BT A 52 15800 DL DICOM A% 2XA7-4if
i3 Al-Lab V- 5 $2 BURFIE S 8L, H 2 44 B2 7 0
S, DR B b A B T E
1.3 EEHR

WEEFE AR L 4G - (1) BEZ I PR RR AR 90 s 4F 1
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5 35 &

blood cell count, RBC) . Il 4L & A (hemoglobin ,
Hb) . IfiL/Mit %L (platelet count, PLT) . HFIIRE
[T &R I F2 B (alanine transaminase, ALT) .
KITE AR A I % 1 (aspartate transaminase,
AST) . B HZIZE (total bilirubin, TBIL) . & H
(albumin, ALB) [ 45 &9 [H HG # 1 (alpha-
fetoprotein, AFP) . ¥ W& $it Ji (carcinoembryonic
antigen, CEA) . W2 HT R 19-9 (carbohydrate antigen
199, CA19-9) 1o (3) M7 S %, SMI PPl i i 4 %%
JE  (microvascular density, MVD) 3%k (fik: <55/em?,
e 6~10 Fem?, B >10 FKlem?®) K E IR S
SWE I & f K53 Pk 7 (maximum elastic modulus ,
Emax) . “F 3 3 ¥ £L & (mean elastic modulus,
Emean) M3 L{E (elastic ratio, Eratio) -
1.4 EEZER RN

K BEHLAFE M (random forest, RF) . 3 451
ML (support vector machine, SVM) . #% BE 6 & #
F+ 7 (eXtreme Gradient Boosting, XGB ) = ML
SR 0 U B A i R AT R, & BUHEAS T 10
1748 1 WS SR JE AR i A, & WU 3% 45 Logistic 7]
A8 5 52 % T BR 1 o R R AR 72 3 L BE AL
2, aohilgegE (I1so ), T KM TR, B
KM 53p) Mg (Les i, Joi k4 42 4,
HRHA23H)), Z-score BARUEIEL L WG, HLA
RO HT (P<0.1) i Ve AH OG5 AE AL A 20 B3 o) 4
B 32 8 17 9 (Logistic regression, LR) . SVM,
RF. XGB. #h % Ol i 37 3% (naive Bayes model,
NBM) . #5# (decision tree, DT) HISVM 7 Ffi
VST PO AR A AR R Y 2 B e ek AR I
AR b HEAT AR I R 455 10 47 58 IR BEAT 0L -
PL XGBoost R 191, fLfb 846 %2 % (JEH .
001, 005, 0.1). f KMHE (WH: 3, 5, 7).
FREARLH GEF: 0.7, 0.8, 0.9) %, DLiX4E
g A M 4 T L (area under the curve, AUC)
BRORR e | RS BHMESOIME . BAPE RO . A
B . AR K PR G 2 R A . R Tree
SHAP HE 28 n] F Ak 5 R A DTHRBE L il Afr 52 2 52 i)
M=
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SR CT L MRI (JrikeE k) e, THMEE
M EAR>1 em BB L 457, ELS [ I3 2 50 ik 5
BFEWEA I T K EE R ) R
o ML YRR o BT AT BEABL B R 101 B AR T RE B 22
M2 /02 4 BA 5 4 DL IR B SR8 W 2 50 1 1=
HEATXSUE AN B, AniE S ok, 4RI A 3 07
B R 5 I A B B4R 22 2 A B BT IR, LU PR ¢
UHDE I 2 WM 5 R
1.6 FEit4bE

K FI SPSS 26.0 5 R4.4.0 #E47 B4 43 Hr o i1
TERILAIE £ brE2E (x +s) SOPEC (U5
Bmlis) (M (IQR) 13878, A1) L AR 7 4
At K B8 5% Mann-Whitney U A5 56 5 1180 5% B DL 4L
(A [n (%) 13, IR BRI x5 Bl
Fisher #f V) #E R ik Delong Ko b 2k B T AR
1E (receiver operating characteristic , ROC) HiZk AUC
75 5%, Bonferroni i 1 1E 2 H I8 . ML 5 3% 78 I
Gt (70%) dEAT 10 P15 LBk i 2, Wik 4R
(30%) B UETZ ALPERE o Tree SHAP {H 155 K JH Tree
Explainer 85 % , il i shapviz 0 7] #1645 1F 57 #k % .
JIT A R 56 4 S XU, P<0.05 Jy 22 T S it 2438 L.

2 # B

21 BHEHEMH

WL D T KRB ETH, 52Kk BH 530,
T EHEE LKA BT R H] . AR
K4 . ALT. TBIL. ALB. AFP. Emax. Emean.
Eratio . MVD 43 9% M Il 48 53 4 J7 11 25 S5 A e it ¢ 5
(¥ p0.05) (1), MMEE R SEREEN
o AR LI 2
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R1 NIGEBE-RABS SETESHIE

Table 1 Baseline characteristics and multimodal ultrasound features of patients in the training set

TiH TR ZA (n=97) 8 R (n=53) i1z P
I PR
(% 5+ ) 55.73+9.87 54.89+9.81 0.50 0.616
B (%)] 54(55.67) 34(64.15) 1.02 0.313
WA [0 (% )] 35(36.08) 21(39.62) 0.18 0.668
YA L0 (%)) 32(32.99) 16(30.19) 0.12 0.725
SR (%)] 51(52.58) 39(73.58) 6.30 0.012
AT R (n(%)] 7(7.22) 4(7.55) 0.00 1.000
ARBTIMIE R RAE (em % = 5) 5.3622.11 7.04+1.83 -4.87 <0.001
JTEhBE Child-Pugh 73%%[n(%)]
A 44(45.36) 20(37.74)
B 53(54.64) 33(62.26) 081 0367
ARETREECE [ (%))
1 40(41.24) 13(24.53)
2 28(28.87) 18(33.96) 4.36 0.113
3 29(29.90) 22(41.51)
HAbdEbR
WBC(X10%L,x + 5) 6.24+1.65 6.71%2.00 -1.53 0.128
RBC(X10"/L,% =+ s) 4.35+0.54 4.24+0.68 1.07 0.285
Hb [g/L., M(IQR)] 130.00(120.00~144.00) 125.00(115.00~141.00) -1.47 0.141
PLT [x10%/L,M(IQR)] 188.00(153.00~216.00) 184.00(159.00~216.00) -0.41 0.678
ALT [U/L, M(IQR)] 56.00(43.00~67.30) 62.80(49.70~79.20) -2.61 0.009
AST [U/L,M(IQR)] 61.10(41.70~72.40) 66.40(46.50~81.40) -1.49 0.137
TBIL [mol/L, M(IQR)] 24.30(17.40~28.80) 27.90(19.50~35.10) —2.44 0.015
ALB [¢/L,M(IQR)] 38.40(36.20~41.00) 37.00(34.10~40.30) -2.26 0.024
CEA(ng/mL,% + s) 4.86+2.56 5.36+2.75 -1.11 0.271
AFP [ng/mL,M(IQR)] 124.30(68.60~178.30) 376.30(252.60~489.20) -8.87 <0.001
AFP /3% ng/ml,n(%)]
>400 2(2.06) 18(33.96)
27.49 <0.001
<400 95(97.94) 35(66.04)
CA19-9(U/mL,% + s) 37.43+16.15 35.83+11.33 0.71 0.480
ZRSHFRHE (kPa,x £ 5)
Emax 33.88+8.33 51.63+12.76 -9.12 <0.001
Emean 20.75+6.39 35.79+9.24 -10.55 <0.001
Eratio 1.77+0.36 2.74+0.47 -13.11 <0.001
MVD 73 % (n(%)]
ik 35(36.08) 10(18.87)
oh 48(49.48) 18(33.96) 19.39 <0.001
= 14(14.43) 25(47.17)
M4 53[0 (%))
FLom 55(56.70) 13(24.53)
14.32 <0.001
ANHLN] 42(43.30) 40(75.47)

http://www.zpwz.net



328

2 HABXERS5ERFGIBERFIE

AveT1  45.0kPa
17.4kPa
27.0kPa
14.5kPa
10.6kPa

3.0kPa
27.7kPa
8.9kPa
11.1kPa
2.7kPa

A-B: 56 % BYTE K EH, WS 7>, TACE-RFA J¥ BRI 7 ARG

6™ H SR N, M UL 6.6 cmx5.6 cm & [\ Akl SMIZRIE N A 206 Wi {55, Emean 4 24.3 kPa;
C-D: 622 BE K ERE ., HiLIFELITiE 1 45, TACE-RFA RS 6 A Ak R, kA /N1.8 cmx1.4 cm, 5
E . AR EFRYY, SMI LA N FE M E 5, Emean N 57.2 kPa

Figure 2

Representative ultrasound findings in non-recurrent and recurrent cases

A-B: A 56-year-old male without

recurrence, diagnosed with cirrhosis and liver cancer for 7 months, and 6 months after sequential TACE-RFA,

ultrasonography shows a 6.6 cmx5.6 cm hyperechoic lesion in the right hepatic lobe and SMI demonstrates no detectable

intralesional or peripheral vascular signals, with the Emean of 24.3 kPa; C-D: A 62-year-old male with recurrence.

Diagnosed with cirrhosis and liver cancer for 1 year, and 6 months after TACE-RFA, ultrasonography reveals a

1.8 cmx1.4 cm lesion with well-defined margins, irregular morphology, and heterogeneous echotexture, and SMI

demonstrates linear intralesional vascular signals, with the Emean of 57.2 kPa

22 WMNT=iHiE

K =M MLEE (RF. SVM M XGB) X i fifi
VA AT Y, AR BOR, RFREILS
2 HE 4 77 10 /9 48 & 4 5 & AFP . Eratio, Emean .
Emax. ALT. ARHFiME & KB . MVD 7340, ALB.
M EMRIPF 4 5 SVM B 145 2 HE 4 w10 #Y
353 5N Eratio. Emax. ALB. Emean. Il 45
A R ORAE . AFP. MVD 43 %% . TBIL Fil
ALT; XGB 51545 3 HE 44 Hi 10 19722 5 53 51 24 Emax |
Eratio. AFP. Emean. TBIL. ALB. A §ij i & K
B’ CRFR . ALT A IEE (K 3A-C) . FIH
A BB IR = Fh ML B8 3 i 18 (19 10 72 1 BAS 4 45 2]
8 AN LRI FUM N+ (& 3D), fL4E AFP. Eratio .
Emean. Emax. ALT. AF[ME 5 K42 . ALB M i
BRI Logistic 813 5 1 5, A i
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i i K72 (OR=1.968, 95% CI=1.135~4.584) . AFP
(OR=1.008, 95% CI=1.001~1.018) . Emax (OR=
1.199, 95% CI=1.055~1.508) . FEratio (OR=12.559,
95% CI=5.379~32.136) J Il % £ & (OR=7.051,
95% CI=1.400~15.080) FL4~ Tl H 7 2 A G it 24 5
X (¥ P<0.05) ($#2),
2.3 ML4HE

P 7 2 1 1 5 A T PR, A DI 2 A R A
R B 7 Fb ML SR A R S A A, A s R v,
5510 P 28 SO R A% 3 R S E ik . 4
REW, XCBEEALEYI LR /M4 F3 B A fem
) AUC (0.989 #10.959) (& 4A-B). M4, H 4
PERE A8 b 75 U R A A O T AR A (523)
e th 443 B (decision curve analysis, DCA) TEAL
G5 WK, XGB 43 5 T I 2k 42 /03 4R 79 0.12~1.00
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1 0.06~1.00 11 3 5 Bl 4 H A & @& 0 & I &8
( B 4C-D). H H: Brier PP 438 7€ Yl Zh A /0 3 4 rh I
ik (0.034, 0.056) ([F4E-F). % b, XGB N
SZER: B
2.4 Tree SHAP 1EBIfRTE

Tree SHAP 5% €] {7k, XGB #5554 v & 4~ R FE
X H g 491 BT 9 TACE-RFA F BVAIF R G B R B 5
P, R EW, Eratio, Emax. AR #7MIE R K%
AFP J BT A I AR AR IR 5 AR 5 5 & Z M) A7
e A O (E5A) . R E K 1) Tree SHAP

variable Importance in Random Forest
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ALT
AR e AR
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Variable importance (Cover) C
3 FNEEFE
Figure 3 Predictor screening

Venn diagram

MeanDecrease

Waterfall Bl 255 7R, S0 KBRS HRG5, HEE
FIGIN 3 KV 4y, R TI EEEE L (x) =446,
Eratio . AFP . I8 T2 A A FLIM AR 7R e K2
>5 em MY N B 18] 52 omA L BT AR 43 B0 O -1.35
-129, -126 ., -0.693, ffi #i il {5 & & 1k ; &
2K Emax Jii il 1E [0 5% 0, 5T Mk (A +0.57 , &
3 B2 E[f (x) ]=-0.449. H: P Eratio {8 57 Bk
BRI G5 (-1.35), Ik Emax {H 5T #k 1E 17 75
5y (0.57) (EI5B),

variable Importance in SVM

Eratio

Emax

ALB

Emean
JIIRESIZZS
AR e fe AR
AFP

MVD 434

TBIL

ALT

importance
12

0.9
0.6
0.3

0.

=3

0 0.25 0.50 0.75 1.00 1.25

importance B

A-C: RF. SVM J XGB X i e 474 b AT H B HET s D: SCH4E B
A-C: Feature importance ranking generated by RF, SVM, and XGB, respectively; D: Intersection

£R2 %[EZE Logistic @13
Table 2 Multivariable Logistic regression
FRIE B S.E. OR 95% CI 7 P
i -27.707 8.199 — — -3.379 0.001
RN N 0.677 0.337 1.968 1.135~4.584 2.009 0.044
AFP 0.008 0.004 1.008 1.001~1.018 1.950 0.049
Emax 0.182 0.087 1.199 1.055~1.508 2.098 0.036
Eratio 4.825 2.077 12.559 5.379~32.136 2.323 0.020
MEIES 3.298 1.909 7.051 1.400~15.080 1.728 0.045
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b EEESFRE

358

o DT AUC=0.821 (0.743~0.900)
—— KNN AUC=0.922 (0.875~0.970)
—— LR AUC=0.909 (0.854~0.965)
—— NB AUC=0.937 (0.892~0.982)
—— RF AUC=0.928 (0.883~0.974)
——SVM AUC=0.949 (0.911~0.988)
—— XGB AUC=0.989 (0.971~1.000)

—DT
—KNN
— LR
—— NBM
—RF
——SVM
Treat ALL
Treat None
——XGB

E4 7FHMLEZXRER

Figure 4 Results of the 7 ML algorithms

0.120 0.034

—— DT AUC=0.789 (0.652-0.927)
—— KNN AUC=0.764 (0.607-0.921)
—— LR AUC= 0.786 (0.604~0.967)
—— NB AUC=0.855 (0.732~0.977)
—— RF AUC=0.717 (0.553-0.881)
—— SVM AUC=0.896 (0.794~0.999)
—— XGB AUC=0.959 (0.876~1.000)

—DT
—KNN
— IR
—— NBM
—RF
——SVM
Treat ALL
Treat None
——XGB

A: YIZHEROCHK; B: MIAEROCK]; C: IIZMEDCAK; D: MHIXEDCAK; E: I
Brier ?F43[&l; F: I35 Brier PF43 (5]

A: ROC curves in the training set; B: ROC curves in the testing set; C: DCA in the

training set; D: DCA in the testing set; E: Brier score comparison in the training set; F: Brier score comparison in the testing set

®3 THELRERE

Table 3 Performance comparison of seven machine learning models

plERS
LR

MEE
- Pl

MREE
- plE=S

MR
\CB plE=S

MRALE

PIIE S
SVM

MR
AN YIlZEE

S

plERS
NBM

M4

0.872 0.833
0.714 0.806
0.848 0.847
0.818 0.853
0.872 0.818
0.571 0.774
0.974 0.970
0.857 1.000
0.821 0.955
0.500 1.000
0.872 0.818
0.571 0.774
0.897 0.833
0.643 0.903

0.756
0.625
0.718
0.643
0.739
0.533
0.950
1.000
0.914
1.000
0.739
0.533
0.761
0.750

0.917
0.862
0.924
0.935
0.915
0.800
0.985
0.939
0.900
0.816
0.915
0.800
0.932
0.848

0.756
0.625
0.718
0.643
0.739
0.533
0.950
1.000
0914
1.000
0.739
0.533
0.761
0.750

0.872
0.714
0.848
0.818
0.872
0.571
0.974
0.857
0.821
0.500
0.872
0.571
0.897
0.643

0.810
0.667
0.778
0.720
0.800
0.552
0.962
0.923
0.865
0.667
0.800
0.552
0.824
0.692
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Figure 5 Tree SHAP visualization of the XGB model
after TACE-RFA
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SMI-SWE £ £ 25 #7755 ML A4 & F i A5 7, Sl A4
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MRk, KEEKHASE RHALE LTI RIK
BEIRGLIRAS . MR ST . T RBAE A . MR AR
BV LA S SRR AR EES,
R ARG B AR T B O B R . SR R
B B YL o 5 R e g O B S AR A AL kAR
T F b T A0 ML R 1R 28 S R, N AR JE 2 & K
s R P e KRN 1 em, & &K T+
& 1.968 155 (95% Cl=1.135~4.584) , < B i 98 7 i
JER AR G 2 KBS FE P AFP K BT
1 ng/mL, % %& KB 34 M 1.008 £ (95% CI=1.001~
1.018) , ik 58 HAFE i Jeg 1% M A 2k 0 %o &2 Tl i)
HEMAEY; Emax 5 Eratio 2 B 1 i 5 6 i 22 5
i, Eratio i OR {H & ik 12,559 (95% CI=5.379~
32.136) , HE/R M 5 0E E 4L 400 B EE X L2 i
WA K W0 240, X ] g5 e i iG 97 i) Be & %
SRR T A0 MR R T B T 52 v S AU & it
A BERIMEC. HRMERY, &
Eratio {EL AN {5 52 W Jib Jeg P 38 %) s B, BE A BB /R 1
JE RS AT e (B “REJERRERE” ). X Fh
J5 B 7E ) R 1 23 FELAS TACE AR v Ak I 25 4 76 98 JR 1Y)
F57 5% DL RFA 2 F2 o IVRE 9 3 510 /e, DA

AR KA =5 em

f(x)=-4.46

Eratio=2.88

AFP=270.9

AT A AN KLU

Emax=45.4
E[f(;)]:—0A449
4 3 2 -1 0
THAE B

A: Tree SHAP# =&, B: TACE-RFA RJ5& %1 Tree SHAP Waterfall [¥]
A: Tree SHAP beeswarm plot; B: Tree SHAP waterfall plot for recurrence

SEM AR, BN R R R BT TE R
R ORI MRS (mEALS L 5
AT AR AR R, HA )5 a5 g
VEGF % & % 35 Jr 3K 2 (19 5 % 1 & 28 ik 2% b AH
SRR AE i A B 3 R B /Y OR=7.051
(95% CI=1.400~15.080) , 32 HH S5 fa i /55 ¥ 750 ] 5
1 B TACE ¥ ZERUR 5 RFA SRRSO, 5 8Uib
JeE % BRI M RGO A2 & KRR, g 7 A A AR
e, SIBRAFETE 2 HALL AL ) Emean (5 Emax 38 4H
*%, Spearman 1=0.89, VIF>10) K IU4FE bR (ALT,
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o e 09 JH- 988 TACE-RFA R J5 & & Wl o, f£ 40
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BIF R 2 T CT/MRT B9 8 BE 27 ) #7045 45 1 R %5
P, WS TR BIERE (AUC=0.994) . 51K
e o . AESCET A R S/ s AU Y CT/MRI 52
QTR 2E ] BERVA B, A B SCRE . el
AR EE . AR LA, desh, AR5
BH 1 2 5 SMI-SWE £ #5175 J A 5 ML 4 g i Al
H XGB & A I 2 42/ i B2 AUC 35 0.989/0.959, 4%
BE 72 VR B 2 21 43 B o B R (AUC=0.724/0.683 )
B 45 4 I R BCHEDY (AUC=0.87) W E T, H
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