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Abstract

Background and Aims: HER2-positive breast cancer is characterized by strong invasiveness and
marked heterogeneity. Although neoadjuvant chemotherapy (NAC) combined with anti-HER2 targeted
therapy significantly improves the pathological complete response (pCR) rate, therapeutic responses vary
substantially among patients. Therefore, developing a noninvasive pretreatment predictive model is of
great importance for individualized treatment optimization. This study aimed to evaluate the clinical
value of machine learning models based on ultrasound radiomics and clinicopathological features in
predicting pCR in HER2-positive breast cancer after NAC combined with anti-HER?2 targeted therapy.
Methods: A total of 353 patients with pathologically confirmed HER2-positive breast cancer who
received NAC combined with anti-HER2 targeted therapy between October 2019 and October 2024 were
retrospectively enrolled from Hunan Cancer Hospital and the Third Xiangya Hospital of Central South
University. Among them, 275 patients from Hunan Cancer Hospital were assigned to the internal dataset,
while 78 patients from the Third Xiangya Hospital were used as the external validation dataset.
Ultrasound radiomics features were extracted from pretreatment ultrasound images and combined with
clinicopathological features. After correlation analysis and least absolute shrinkage and selection
operator (LASSO) regression for feature selection, Extreme Gradient Boosting (XGBoost), Random
Forest, and Naive Bayes algorithms were applied to construct clinical models, radiomics models, and
combined models. Receiver operating characteristic curves were used to evaluate predictive
performance, decision curve analysis (DCA) was performed to assess clinical utility, and Shapley
Additive Explanation (SHAP) analysis was used to interpret feature importance in the optimal model.
Results: Twelve clinicopathologic features and seven ultrasound radiomics features were finally selected
for model construction. Among the three algorithms, the XGBoost model demonstrated the best
predictive performance. Compared with the clinical model or radiomics model alone, the combined
model achieved superior predictive efficacy. The AUCs of the XGBoost combined model for predicting
pCR were 0.964 (95% CI=0.893-0.965), 0.857 (95% CI=0.822-0.960), and 0.771 (95% CI=0.765-
0.946) in the training, internal validation, and external validation cohorts, respectively. DCA
demonstrated favorable net clinical benefits across a wide range of threshold probabilities. SHAP
analysis revealed that HER2 expression status, targeted therapy strategy, estrogen receptor status, and
several texture features contributed substantially to model prediction.

Conclusion: The XGBoost machine learning model integrating ultrasound radiomics and
clinicopathological features can effectively predict pCR after NAC combined with anti-HER2 targeted
therapy in HER2-positive breast cancer, showing promising clinical utility for individualized therapeutic

decision-making.
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N #E A KK F 3% K 2 (human epidermal
growth factor receptor 2, HER2) FH ML IR 9 H A =
el R R TS AN A R I R AL .
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(R AT e 7 AR CRAT/ARFRAT) |
NGRBIEMW . AL My e . g
TNM G348 . AR WA 9 MR
Lo 2 R %K
(progesterone receptor, PR) MRZS . HER2. 375 44
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Miller-Payne 5% (55 3] Fr Jo i il M 4 L) 7Bk
pCRAEF ML L, 1~4 R HE pCRY, 1L WAR 5 43 b
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ROI Illustration
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Figure 1
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SR Gt B SR S S AR 2 AR SR T 0 — 1k
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AHOC R EL>0.8 MYRFIE o B J5 SR e /) 408 %5 1Ag 46
# B F (the least absolute shrinkage and selection
operator, LASSO) [0l )9 45 45 10 $r 28 X H3F - (10-fold
cross-validation ) FEATHFAET E , 30 4 fe /Ml 52 S
TIE 15 22 VE PR R TE AL 280 A . 76 22 I PR AR AE 15
D ASEAY o A v, [) A 1 Min-Max A 9 46 J7 125 %
I R FRAE 47 0 — AL Ab # IR ] Pearson AH 56 4
ST AL, 2 BRAHOC R E>0.8 I RHE 5 i — 2P
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TR R RE RE A L OB RS IR, LA B 4 A
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A MRVGHIE IR B ARG 5B T 22 ROI

A: Ultrasound image of a representative case; B: Manually delineated ROI based on the tumor
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i 5 AL

H T 3 O e AT B AY A R R AR R AR S I R
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75 R E 5 0 A5 Y P RE Y 4R THSOR ol 32t
F T AESRFAE (receiver operator characteristic, ROC)
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(decision curve analysis, DCA) TF A5 #5558 [ i B 52
M
1.5 SitFEiiE

il FH R K44 F1 SPSS AT e it 24 o B o 7% S48
E%Eﬁﬁ%mmmmm&mm&Lﬁ@%
X} IE 25 43 A B I PR FNRE 75 46 bR i 22 A8 1, SR
MSTREA KB AT T, A5 R DAY« BR e 22
(xxs) Ty MHMTERESHAHAE, KM
Mann-Whitney U K3 55, 45 5 DL A2 40 (U 43 o7 (7]
) [M (IQR) 137 o >R ROC i 2 DF- 4 25 5 54
Y TN R RE o VD R N A% B (Shapley Additive
Explanation, SHAP) 53 i & FR A 25 2 72 3 JF ]
PRARAS TR F0 0 45 3

2 & R
2.1 BEEREFHE

AWFgE gl A 353 5] HER2 FH 4 114 32 1 4 3L i
R . PR B R B 5 AN RO 4R R AR R IR

i BB AE S 3 A A . P AR AR L R
AR RS MBS ARy Bk
FRAE . A5 A . Adler IfL U 43 2% . IR T 4031 . Il
RN P01 TNM 430 . A 21228 U550 90
ERJRZ . PRIRES . Ki-67 /K F . HER2 FikIEH K
B ya T O AT 22 R gt Em L (B ps
0.05), 427 PO B BA B — 3ok . AU R
T 40 W 7E W04 ) 22 5% 3 48 3 2% & 3L (P=0.023)
(£ 1), kEd, ERIRES . PRAIRE . HER2 £
ik R TR0 1) 3R 97 O A pCR 415 9E pCR 4[] 2
SAGIFE L (3 P<0.05), #n EARFZEGE
5 HER2 BH M 7L 1 g 28 38 1 il Bl IR 7 7 ROM O oAb
RIS IR D, AR L IRIR N ERARES . PRARES
K Ki-67 7K 76 1 21 0] 22 5 B g it 2@ 2 0 (3 P<
0.05), MAALRE . MPEE . K. %
FRAE . S5 AL . Adler IfiL 3 43 9% S TNM 43 3] % 35 b
1E 45 BN B b 22 S 1 T 4 i 27 i L (1 P>0.05)
(%£2),

R1 NEBEHRE S IMNBEYEER IR KRR IR FE LL AR

Table 1 Comparison of clinicopathologic characteristics between internal and external datasets

Il AR BRARAE N EREELE (n=275) HMEREAELE (n=78) X1z P
AEIR % M(IQR)] 51.00(45.00~56.00) 52.50(45.00~56.75) -1.36 0.561
fi bt K42 [mm , M(IQR)] 29.00(22.00~39.00) 28.50(21.00~38.50) 0.300 0.562
AR (%))]

246 5] 113(41.1) 29(37.2)

0.241 0.623

M55 162(58.9) 49(62.8)

FIE A0 (%)]

HE o) 12(4.4) 1(1.3)

0.504 0.777

ANFEI 263(95.6) 77(98.7)

AR T n(%)]
PATEK 65(23.6) 19(24.4)
~ 0.318 0.852
APPATAEK 210(76.4) 59(75.6)
MhBeh2(n (%))

TE b 15(5.5) 9(11.5)

3.550 0.061

TR 260(94.5) 69(88.5)

WSk (%)]

i 139(50.5) 43(55.1)

0.344 0.557

G 136(49.5) 35(44.9)

Adler I35 2[n(% )]

I 32(11.6) 10(12.8)

1I 158(57.5) 45(57.7) 0.112 0.945

I 85(30.9) 23(29.5)
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Table 1 Comparison of clinicopathologic characteristics between internal and external datasets (continued)

I ARG FAFAE N E AR A (n=275) HMEBEL R LE (n=78) X1z P
IR T 53 (%)]
Tl 35(12.7) 12(15.4)
™ 167(60.7) 40(51.3)
13.791 0.003
T3 58(21.1) 12(15.4)
T4 15(5.5) 14(17.9)
Il R N 43-#[n (%)
0 41(14.9) 12(15.4)
1 113(41.1) 33(42.3)
0.092 0.992
2 79(28.7) 22(28.2)
3 42(15.3) 11(14.1)
TNM 43 [n(%)]
II 122(44.4) 35(44.9)
6.249 0.282
111 153(55.6) 43(55.1)
HAUFH (%))
RS 263(95.6) 69(88.5)
o 7.297 0.064
RPN 12(4.4) 9(11.5)
HBUE0Y (%))
KA 76(27.6) 13(16.7)
1 1(0.4) 2(2.6)
7.606 0.054
2 102(37.1) 29(37.2)
3 96(34.9) 34(43.6)
ER [n(%)]
B 142(51.6) 37(47.4)
0.277 0.598
FH 133(48.4) 41(52.6)
PR [n(%)]
B 129(46.9) 36(46.2)
0.010 0.911
FH 146(53.1) 42(53.8)
Ki-67 [%,M(IQR)] 40.00(30.00~50.00) 40.00(21.25~60.00) -1.580 0.682
HER2 #3525 H[n(%)]
THC++5 FISH Y $% 46(16.7) 19(24.4)
1.875 0.171
THCH+++ 229(83.3) 59(75.6)
AT (%))
HRH 74(26.9) 27(34.6)
1.410 0.235
R 201(73.1) 51(65.4)
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Table 2 Comparison of clinicopathologic characteristics between the PCR group and the non-PCR group
YIZRAE (n=196) NFRIUESE (n=79) HNHIGUESE (n=78)
s PRI (R A - - -
4 pCR(n=97) pCR(n=99) P 4k pCR(n=35) pCR(n=44) P 3 pCR(n=32) pCR(n=46) P
SRR MUIQR) /T = 5] 51.00(44.00~56.00) 52.00(46.00~56.00)  0.892 48.86+9.60 51.02+8.94 0.304 50.00(45.00~54.00) 53.00(45.75~59.00) 0.037
Jife R A AR [mm, M(IQR)] 30.00(22.00~43.00) 29.00(22.50~39.00)  0.295 32.03+13.54 30.09+10.58 0.982 28.00(20.75~32.50) 30.50(23.50~40.00) 0.255
A 2R (%))
EAGEZYN) 42(43.3) 44(44.4) 14(40.0) 13(29.5) 15(46.9) 14(30.4)
0.886 0.351 0.159
Hikaye 55(56.7) 55(55.6) 21(60.0) 31(70.5) 17(53.1) 32(69.6)
J B (%))
FL) 1(1.0) 5(5.1) 2(5.7) 4(9.1) 0(0) 1(2.2)
0.494 0.193 0.791
ASHEN 96(99.0) 94(94.9) 33(94.3) 40(90.9) 32(100) 45(97.8)
HRK 5 (%)]
AR 23(23.7) 24(24.2) 9(25.7) 9(20.5) 7(21.9) 12(26.1)
0.584 0.601 0.791
IEPATAE R 74(76.3) 75(75.8) 26(74.3) 35(79.5) 25(78.1) 34(73.9)
Jit i1 2 (n (%))
b1 6(6.2) 5(5.1) 3(8.6) 1(2.3) 3(9.4) 6(13.0)
0.572 0.317 0.784
A 91(93.8) 94(94.9) 32(91.4) 43(97.7) 29(90.6) 40(87.0)
k(% )]
H 49(50.5) 52(52.5) 15(42.9) 23(52.3) 18(56.2) 25(54.3)
0.886 0.498 0.832
¥ 48(49.5) 47(47.5) 20(57.1) 21(47.7) 14(43.8) 21(45.7)
Adler IfiL 53 [n (%)
I 12(12.4) 6(6.1) 5(14.3) 8(18.2) 4(12.5) 6(13.0)
il 51(52.6) 62(62.6) 0.203 20(57.1) 25(56.8) 0.992 21(65.6) 24(52.2) 0.436
il 34(35.0) 31(31.3) 10(28.6) 11(25.0) 7(21.9) 16(34.8)
IR T 43 i [n(%)]
Tl 13(13.4) 12(12.1) 6(17.1) 4(9.1) 7(21.9) 5(10.9)
™ 53(54.6) 66(66.7) 18(51.4) 30(68.2) 15(46.9) 25(54.3)
0.337 0.096 0.393
T3 24(24.8) 16(16.2) 11(31.4) 7(15.9) 6(18.8) 6(13.0)
T4 7(7.2) 5(5.1) 0(0.0) 3(6.8) 4(12.5) 10(21.7)
IR N 53 (%)]
0 13(13.4) 15(15.2) 6(17.1) 7(15.9) 9(28.1) 3(6.5)
1 37(38.1) 39(39.4) 18(51.4) 19(43.2) 10(31.2) 23(50.0)
0.519 0.854 0.039
2 29(29.9) 34(34.3) 6(17.1) 10(22.7) 10(31.2) 12(26.1)
3 18(18.6) 11(11.1) 5(14.3) 8(18.2) 3(9.4) 8(17.4)
TNM 53-#[n(%)]
il 40(41.2) 45(45.5) 17(48.6) 20(45.5) 15(46.9) 20(43.5)
0.658 0.532 0.697
it 57(58.8) 54(54.5) 18(51.4) 24(54.5) 17(53.1) 26(56.5)
HAEFAN(%)]
BT 92(94.8) 96(97.0) 32(91.4) 43(97.7) 28(87.5) 41(89.1)
= 0.246 0.879 0.156
B PE/ N 5(5.2) 3(3.0) 3(8.6) 1(2.3) 4(12.5) 5(10.9)
HLUE R n(%)]
AH 33(34.0) 26(26.3) 5(14.3) 12(27.3) 4(12.5) 9(19.6)
1 0(0.0) 0(0.0) 1(2.9) 0(0.0) 1(3.1) 1(2.2)
0.121 0.383 0.857
2 39(40.2) 34(34.3) 14(40.0) 15(34.1) 12(37.5) 17(37.0)
3 25(25.8) 39(39.4) 15(42.9) 17(38.6) 15(46.9) 19(41.3)
ER [n(%)]
Bt 37(38.1) 66(66.7) 17(48.6) 15(34.1) 9(28.1) 28(60.9)
<0.001 0.073 0.006
FEPE 60(61.9) 33(33.3) 18(51.4) 29(65.9) 23(71.9) 18(39.1)
PR [n(%)]
[k 39(40.2) 57(57.6) 12(34.3) 21(47.7) 8(25.0) 28(60.9)
0.015 0.258 0.003
PR 58(59.8) 42(42.4) 23(65.7) 23(52.3) 24(75.0) 18(39.1)
Ki-67 [%,M(IQR)] 40.00(30.00~50.00)  40.00(30.00~50.00)  0.214  40.00(22.50~52.50) 40.00(30.00~60.00) 0.364 30.00(20.00~50.00) 40.00(30.00~67.50) 0.020
HER2 #1525 [n(%)]
[HC++5 FISHY # 27(27.8) 5(5.1) 8(22.9) 6(13.6) 7(21.9) 12(26.1)
<0.001 0.377 0.791
THC+++ 70(72.2) 94(94.9) 27(77.1) 38(86.4) 25(78.1) 34(73.9)
HERY T (%))
Lt 34(35.1) 16(16.2) 10(28.6) 14(31.8) 10(31.2) 17(37.0)
0.003 0.809 0.637
B 63(64.9) 83(83.8) 25(71.4) 30(68.2) 22(68.8) 29(63.0)
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PNEREE T, BE X 18 4> fig e 8 75 52 45 K ik IR
PRARAE, 38 A AH OGR4 BT 25 BRAH OC R 0>0.8 B9 TUAR
FRAE, 28 LASSO [R] )5 i 2 0 2 Hh 12 > s A O
FRAE (3) . PIL 0T 84 D2 A BT &
U R R W R AR, 28 Min-Max i i 4L
Pearson A J¢ Pk 73 A PFAL IF 1 bk 2 S L LR 5 IR
174>, i — 253 i LASSO [l 3 6 1% i1 7 4~ fe HAR &
PR A A AR (2 4) . Bix T HAE R
SRR S ATIR 12 D SCHERR AR B S, M R 5 AR AR
£ o RJH XGBoost . RF & NBIF %, 4355 T il
PR BILRRAE | S 52 AR A 2 R A SR A R AR
HEF LR B (R5). FREIR, KA
HIph £ T i L (area under the curve, AUC) & T
AR AERE R (1 2), A XGBoost k£ 15 1 26 B

®3 REUFERE

ft, IZR4E . NFFEIESE | SN 50 UE 5 AUC 41
54 0.964 (95% CI1=0.893~0.965) . 0.857 (95% Cl=
0.822~0.960) . 0.771 (95% CI=0.765~0.946) . DCA
SrATREL, IR . TR IR AN uE AR
XGBoost Bk G R AR IR S s (K13); %
FH SHAP 553 X1 1k A B B 25 5 i 25 22 M F 47 AT A
653 B, 7E XGBoost Bk G AL AL rh, HER2 3Rk A |
myaIT . ERRAS DL K 24 8 AR 2 L
PR JZ 52 M pCR TN (Y 88 2248 5 . Horpr, HER2
eIk L OB 1A YA YT M ER B 5 5 % pCR T
WEZAHOC . SHAP {E 1Y K /NS B T 45 4 AiF X A5 28 gy
A DT RR R R, RIS R — 2 4 R T A [A] AR AR
SBCAR X 00 0 85 SR 1) 1 [ B T S0, DA T G 5T
H5E AU F AT fig R 5 ol R AT R AE (&1 4)

AR S R RERHE

Table 3 Extracted and selected ultrasound imaging and clinicopathologic features

RHIE EIEES ' [ 2R e XoH
HER2 0.364 0.364
Lt ipyeil 0.267 0.267
PATER AR TAK 0.120 0.120
WL R 0.040 0.040
PR F IR 0.030 0.030
Ki-67 -0.004 0.004
N -0.036 0.036
T4 -0.059 0.059
M2 () -0.063 0.063
EZSR -0.085 0.085
IS -0.108 0.108
ER -0.302 0.302
=4 REUTENEERZIGEFFFE

Table 4 Extracted and selected ultrasound radiomics features after feature screening

FHIE FUARE  WERELE

wavelet-HI_glszm_Small Area Low Gray Level Emphasis (/NJE—HL S /NX 38U K B2 58 ) 0.352 0.352
wavelet-LH_glszm_Small Area Low Gray Level Emphasis ( JINJE—LH A3 /7N X s AR K 5 37 ) -0.08 0.08

log-sigma-3-0-mm-3D_glszm_SmallAreaHighGrayLevel Emphasis [log JE1 (0=3.0 mm ) 7] X 458 5 K J& 5 1 -0.136 0.136
square_firstorder_Maximum (V- 2546 J5 — B K fH) -0.142 0.142
wavelet-LH_glszm_LargeAreaEmphasis (/]N-LH A8 K X 8050 4 ) -0.331 0.331
log-sigma-3-0-mm-3D_glem_MCC [log #E3% (0=3.0 mm) " JKBE I A 4 Fedpe RAHSE 254 -0.392 0.392
log-sigma-0-5-mm-3D_gldm_DependenceNonUniformityNormalized [log #I% (a=0.5 mm ) I J MR AE 4 00— 1k -0.415 0.415

AR 2]
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x5 =MOEFHBEOVEF IRBTNEE LR
Table S Comparison of predictive performance among machine learning models constructed by three classifiers
S AUC 95% CI MR HHURE RS
PlE S
XGBoost
I PRASE TR 0.928 0.857~0.930 0.929 0.918 0.939
T AR L R 0.870 0.859~0.923 0.821 0.784 0.859
1A R R 0.964 0.893~0.965 0.964 0.948 0.980
RF
I PRASE TR 0.837 0.804~0.938 0.878 0.835 0.919
HBFE AR AL 0.844 0.824~0.876 0.814 0.838 0.909
AR 0.855 0.838~0.870 0.831 0.825 0.856
NB
I AR AL 0.667 0.621~0.776 0.668 0.505 0.828
R AR 2R A 0.599 0.513~0.686 0.597 0.763 0.434
AR 0.703 0.701~0.775 0.704 0.639 0.768
PIFRER IESE
XGBoost
It PRASE 0.807 0.744~0.914 0.744 0.821 0.720
BT SR L A 0.751 0.610~0.955 0.875 0.444 0.974
1A AR 0.857 0.822~0.960 0.863 0.923 0.800
RF
It PRASE TR 0.758 0.681~0.982 0.722 0.769 0.679
SR R 0.659 0.566~0.837 0.977 0.500 0.624
AT 0.761 0.723~0.969 0.734 0.742 0.727
NB
Il RAS 7R 0.592 0.564~0.703 0.544 0.486 0.591
S SR AT 0.511 0.443~0.595 0.456 0.536 0.023
AR 0.660 0.594~0.719 0.734 0.742 0.727
AN RS
XGBoost
It PRASE R 0.730 0.652~0.948 0.714 0.750 0.688
FEFH AR AR 0.705 0.702~0.932 0.727 0.632 0.778
1A AR 0.771 0.765~0.946 0.808 0.875 0.750
RF
It PRASE TR 0.714 0.683~0.975 0.690 0.760 0.636
b AL B il 0.669 0.598~0.969 0.689 0.560 0.778
1A R 0.723 0.624~0.963 0.741 0.864 0.656
NB
I A A 0.490 0.479~0.781 0.500 0.438 0.543
P SR A 0.483 0.427~0.655 0.474 0.531 0.435
iy i 0.547 0.570~0.784 0.741 0.864 0.656
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XGBoost (AUC=0.928 | = XGBoost (AUC=0870) | P - XGBoost (AUG=0.964)
—— RF (AUG=0.837) [ ——RF (AUG=0.844)  ——RF(AUC=0855)
——NB (AUC=0.667) - H - ——NB(AUC=0.599) e ——NB(AUC=0.703)

XGBoost (AUC=0.807) | XGBoost (AUC=0.751 © ——XGBoost (AUC=0857
RF (AUC=0.758) RF (AUC=0.659) RF (AUC=0.761)
NB (AUC=0.592) | NB (AUC=0511) ; . ——NB(AUC=0.660)

/e

- XGBoost (AUC=0.730) 1 ! —— XGBoost (AUC=0.705) XGBoost (AUC=0.771
RF (AUC=0.714) ] —— RF (AUC=0.669) - RF (AUC=0.723)

— NB (AUC=0.490) —— NB (AUC=0.483) NB (AUC=0.547)

E2 =MHBFEIEEHMENERRE, BEPRAFEBKBEESEAEIZE. NFMIIEE. SMIRIEEFISHETIERERN
ROCHIZ R AUCHEH  A-C: JIZ4E; D-F: WIHFKIESE; G-1. SMTHRIESE
Figure 2 ROC curves and AUC values of clinical models, ultrasound radiomics models, and combined models constructed
using three machine learning algorithms in the training, internal validation, and external validation cohorts A-
C: Training cohort; D—F: Internal validation cohort; G-I: External validation cohort

—XGBoo: —XGBoost: y
RF RF
A

== -Treat All = == -Treat Al = = =Treat All
-~ Treat N -~ Treat None

B3 =MNSRFIEENENBRARRAENSGE. NEKIEE. SMIKIEEMDCA  A: JIZ4E; B: WHRIEYE; C:
SR ISR
Figure3 DCA of the combined models constructed using three machine learning algorithms in the training, internal
validation, and external validation cohorts A: Training cohort; B: Internal validation cohort; C: External validation
cohort
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Figure 4 SHAP analysis of feature contributions to pCR prediction Based on the XGBoost combined model
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