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Abstract Objective To explore the value of a multimodal MRI-based radiomics nomogram for
differentiating human epidermal growth factor receptor-2 (HER-2) negative breast cancer molecular
subtypes. Methods A retrospective analysis was conducted on 190 patients with HER-2 negative
breast cancer who underwent multimodal MRI examination, and the patients were divided into two
molecular subtype groups: a HER-2 low expression group (#=108) and a HER-2 zero expression
group (n=82). The cases were randomly stratified and sampled at a ratio of 713 and divided into a
training set of 133 cases and a testing set of 57 cases. The clinical and radiological features of the
patients were collected, the radiomics features based on T2WI, DWI, and DCE-MRI were extracted,
and the clinical-radiological model, unimodal radiomics model, multimodal radiomics model, and
combined model were constructed respectively. Then the nomogram combined multimodal
radiomics signature (radsocre) with clinical-radiological features was used to construct a visualized
predictive model, and the area under the curve (AUC) was used to compare the effectiveness of
different models in distinguishing HER-2 low expression and zero expression subtypes. Results A
significant difference in radscore was demonstrated between the HER-2 low and HER-2 zero
expression groups in both the training (P < 0.000 1) and testing sets (P < 0.01). The AUC of the
multimodal radiomics model in the training set and the testing set were 0.914 and 0.836, respectively,
which was superior to any unimodal radiomics model. The nomogram demonstrated great
diagnostic efficacy (AUC=0.930 in training set; AUC=0.865 in testing set). Conclusion A
multimodal MRI-based nomogram incorporating radsocre and clinical-radiological features can

accurately distinguish the subtypes of HER-2 negative breast cancer.
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N KR 732 44-2 (human epidermal growth factor receptor-2, HER-2) &2
IT (R REEEWbR B9, HER-2 k#3455 HER-2 0 £ ik 3L A B 78 HER-2 B FLARE K 7
TR, EFERRERARHE . VAIT RN K TS EARTEZE S, REHEX 2 IR R A
SO, BT RS T SRR 1 (magnetic resonance imaging, MRI)FISAAG 4122 A AR R A NE
A S ARE TR, Oz B TR AL | 3 A TR IG T U PP 55
TP#1, fHIX 5 HER-2 BITEFUIRSE 43 7 AL (KA S T AT DL it 7 AR 24314 A
(¥] HER-2 BITEFL e 3 W xS 5, FPR T3 T 2B MRI MR IRRAR
B AR, 2B, DRI 2 A4S MRI AR 20 5 18 S 0 1 il HER-2 (k%A
UNE St E N AN

1 MR57E

L1 HBIER mE R 2018 4F 4 H—2023 4 6 HEZBIER RS RS — Bk
FUIRZ A MRI K . 5 B0RL 52 BB 12 FUIR R A [ TRt . 9N N HER-2 [APEFL
JREE v B 190 1, 4Rl 26~78 (47+10) %, 434y HER-2 flRFRIE4H (n=108) Fl HER-2
0 RIBM (n=82) . KA EMPIM EFIL 703 LLBIBEHL B 25 (133§, HER-2 ik
RIEH 79 ], HER-2 0 KA 54 6D AlikEE (57 #i], HER-2 &KL 29§, HER-2 0
Fisdl 28 ) o gIAARUE: O FRHEARIZ ML, THC Al FISH #F 4 HER-2 {R&iXDE 0
FikLWibrE; @ JRITHT 2 AT MRIKA, MRI ZRbeH. HERRbRdE: (D MRI 1§ R
B, EMEGSE: @ WABRKAE<I0 mm, Ho AN R EIUR T

1.2 RHESRRE  HAT, HER-2 RPN 35 k6 TR 5 2 flVE A SR 212U A
AT S AU~ (immunohistochemistry, IHC) e fl15¢ V¢ R A7 2438 (fluorescence in situ
hybridization, FISH) « {4 3 FEIlf R MIE 2% 2> (ASCO) /3 ER ¥ K P2 (CAP) $5m4!",
HER-2 0 ik YO THC 05 HER-2 fRFIEE XCh: (D HC+;: 3 HC++ H. FISH
.

1.3 EHRIFIE. ZHEAE MRI BRI E 7 7

1.3.1  IGREHE. M MRIBAREHMERE  ARHERIEFER . AZRE . ABER %

LRI AU Ki67 FRIEACE IR R A AL . 2B MRI SARRHIE T 2
B HEAT 7 14 LI MRI 2 W 256 (012 Wi BRI gl fr, B L7 SOy @ i i 18k 3t



Wo MEAICKARHAEN: BRERA(a: BT R b RS, o ABSIEER; d W%
BUs R WALALE L R RS AR SRR TIC #hEk. T2 5 S 4F1E.

DWI 15 S4FEATA B (R 5 B R % (apparent diffusion coefficient, ADC) {H.

132 FHMEMGSERESY.  HRMAIREER Logistic 70kt 4 HER-2 fRFRIAM
HER-2 0 RIX WA it A8 LR AE, SR 8 2 X & Logistic [B1H 734t — D i e Ji 3r
T, AR IR B AR

1.4 F#AE: (A Philips 3.0T MR S0 32 3818 AR T4 A 8 % 8 2 147 LR MRT £
. FRAEAL MRI 9475 0H5: 0 B PIE B R 7 41 (fast spin echo, FSE)  T1WI:

HEHHE WA (repetition time , TR) 480.0 ms, [F1Y% [ (echo time, TE )7.61 ms; [ A5l %
Y& 5 F¥ % (short tau inversion recovery, STIR) T2WI, TR 8200.0ms, TE 170.0ms. () H&#lifir
DWI: TR 7 000.0 ms, TE 80 ms, b {E=800 ms 1 1 000 ms. i&/FF/Z/E 5.0 mm, JZ[HEE
1.0mm. (@) Zhasn I8 T1 ANk A% (dynamic contrast-enhanced T1-weighted imaging, DCE-
TIWI): KA 3D 2580 N 4G POGE LA FE [ 38 /5 41 Vibrant: TR 3.6 ms, TE 2.1 ms, FOV
350 mm x 350 mm, 2/ 1.2 mm, 2 0mm. K& 1 MSHZEN 25, ST 4
G S FEL XU SR B T 5 (%6 3 ml/s, F& 0.1 mmol/kg), SRJ5 7Bl T & s it 5

%5 60, 120, 180. 240. 300 F1 360 s HEATHHE KA, HHEHE I 6 min 17 s.

15 BRAYSIT HERAESTRREERE 7RG E. RN . B A

G

151 BGSIFEERE i DCE-TIWI 45 1 1. T2WI Al DWI 55511 DICOM %k
' F N 3D-Slicer, WiMBILZIEZF AT EOGIIX (region of interest, ROD K5 73%,
A = 4EBOHBIX. (3D volume of interest, VOI) o 22411155 48 1% 6 5 A AR AT B 43 1.

Bl Bl Lk 2 AERITFEh e 1 /NG, AITZREE T BENLE S 10% 75 61 557 047 ]
B, X RKBEHLAL AT R B (intraclass correlation coefficient, 1CC) Pl 52
({5 BRI ME B, 1CC 2 SUNIRZE (<0.50) « 55 (0.50~0.75) « RAF (0.76~0.90) Fifk

7% (0.91~1.00) .

fii /P9 & PyRadiomics FFAEPE MR 6 CIERCEBH NS RHEATBR 2 7)) 2 VOI
P& 1) e JE R » 9B LE X BRI AR AR A, oS SRIBURFAE BEAT AR Z2 AR AL AL 3 (Z-score)



1.5.2 FHERFREEMBERIME  RHERYE: 2 Spearman AT, ZIERMHRME>0.9 HITT&
FHIE; SRJ5 18 FH“Select K Best” HIE TR ER FABELERT S0%FIRHIE: 550 o {3 FH S /N U 4 Alize
$H T (least absolute shrinkage and selection operator, LASSO) i g FERFESE, KA 54T

A XRAEETE 7 AR

I R SRR SO RBOH R AR A 05> (radscore) @ radscore=fiH+BixXi. BN
REL X ONKHE, i NFEEL [EZHERIH (LR) 5iEa I T DWI. T2WI 1 DCE-

MRI [ AR AR [ 2 1535 MRI AR

1.6 GiitEAbE ) SPSS25.0 AT ST . THEEERHT IR CF 23 HD [0 (%) 1308,
& EHE TP AL (M(01, 03)1FR. B ERMZ HRIZ Logistic [ 573 Hr i 1240 57 Tt
Pl SR A B BA B o radscore ARIFIAXAANHER, /N@S: B B s B S 4
radscore 7EAN [R5 1953 A5 22 5% o SR ZE FIHIAY (area under the curve, AUC) ¥l %1
TR 43 R0RE, Uk - RAT IR (LA B, IRSEINZRZ3#T (decision curve analysis, DCA)
TR FIRER R T B A1 2435 - SR DeLong A6 36 b A AN [RIASE 7R 5] F5000 1 A 14 22 5

P<0.05 NERBGITFERE L.
2 R

20 —fRBUEE UIZREEANIN AR B IR RARHE A 2 B MRIARARHE 2 R BB G i 2
o W 1. YIgkEEF, HER-2 {RFIA4A HER-2 0 FAHEH WML (P=0.015) |
kbR (P<0.001) o TIC #iZk (P=0.014) ZRA Gt 3 MEREEH, HZE ) kb4
L (P=0.004) ZRAGIERE S, HARREH I Z T oG E 8 L Wik 2.

K1 VIHESURERE K —BREB DT [(%), M(O1, 03)]

Tab.1 Baseline Characteristics of training and testing sets [#(%), M(Q1, 03)]

Clinical and radiographic features Training set (n=133)  Testing set (n=57) P value

Age (years) 46.00 (39.00, 52.00)  48.00 (42.00, 50.00) 0.705

Menstrual status 0.793
Postmenopausal 51 (38.35%) 20 (35.09%)

Premenopausal 82 (61.65%) 37 (64.91%)




Breast cancer history
Yes
No

Lesion mobility
Freely
Poor

Lesion quality
Soft
Stiff

Ki67
>20%

<20%

Axillary lymph node metastasis

Positive
Negative
Glandular density
aorb
cord
Lesion location
Left-sided
Right-side
No. of lesions
Single
Multiple
Lesion shape
Nodular or mass
Non-mass
Enhancement pattern

Homogeneous

8 (6.02%)

125 (93.98%)

74 (55.64%)

59 (44.36%)

22 (16.54%)

111 (83.46%)

94 (70.68%)

39 (29.32%)

63 (47.37%)

70 (52.63%)

28 (21.05%)

105 (78.95%)

73 (54.89%)

60 (45.11%)

98 (73.68%)

35 (26.32%)

105 (78.95%)

28 (21.05%)

19 (14.29%)

0 (0%)

57 (100.00%)

36 (63.16%)

21 (36.84%)

5 (8.77%)

52 (91.23%)

41 (71.93%)

16 (28.07%)

29 (50.88%)

28 (49.12%)

15 (26.32%)

42 (73.68%)

25 (43.86%)

32 (56.14%)

39 (68.42%)

18 (31.58%)

45 (78.95%)

12 (21.05%)

7 (12.28%)

0.108

0.423

0.238

1.000

0.776

0.545

0.217

0.572

1.000

0.890




Heterogeneous
TIC type
I
II
I
The T2 signal of the lesion
Hypotintense
Isoitense
Hyperintense

Lesion volume (mm?)

ADC (<103, mm3)

114 (85.71%)

4 (3.01%)
87 (65.41%)

42 (31.58%)

6 (4.51%)
40 (30.08%)
87 (65.41%)
7 903.90 (3460.10,
18117.80)

0.82 (0.73, 0.91)

50 (87.72%)

3 (5.26%)
36 (63.16%)

18 (31.58%)

4 (7.02%)
16 (28.07%)
37 (64.91%)
5 683.40 (3055.33,
17472.00)

0.86 (0.73, 0.91)

0.737

0.764

0.225

0.651

#£2 VISGEENRE HER-2 0 £k 5 HER-2 [KF & BH IR K LA MRI R 2AF
ELB (%), M(O1, 03)]

Tab.2 Comparison of clinical and multimodal MRI features in patients with HER-2 zero

expression and HER-2 low expression between training set and testing set [n(%), M(Q1,

03)]
Clinical and Training set Testing set
radiographiclfea HER-2 zero HER-2 low P HER-2 zero HER-2 low P value
tures (n=54) (n=79) value (n=28) (n=29)
Age(years) 46.00 (38.25, 47.00 0.149 48.00 47.00 0.493
50.00) (40.00, 53.50) (45.00, 50.00)  (40.00, 49.25)
Menstrual status 0.467 0.708
Postmenopausa 19 (35.19) 34 (43.04) 10 (35.71) 8 (27.59)
I
Premenopausal 35 (64.81) 45 (56.96) 18 (64.29) 21 (72.41)




Breast cancer
history
Yes
No
Lesion mobility
Freely
Poor
Lesion quality
Soft
Stiff
Ki67 (%)
>20
<20
Axillary  lymph
node metastasis
Positive
Negative
Glandular density
aorb
cord
Lesion location
Left-sided
Right-side
No. of lesions
Single
Multiple
Lesion shape
Nodular or

mass

3 (5.56)

51 (94.44)

27 (50.00)

27 (50.00)

12 (22.22)

42 (77.78)

40 (74.07)

14 (25.93)

28 (51.85)

26 (48.15)

14 (25.93)

40 (74.07)

27 (50.00)

27 (50.00)

35 (64.81)

19 (35.19)

44 (81.48)

2 (2.53)

77 (97.47)

45 (56.96)

34 (43.04)

5 (6.33)

74 (93.67)

51 (64.56)

28 (35.44)

35 (44.30)

44 (55.70)

14 (17.72)

65 (82.28)

41 (51.90)

38 (48.10)

63 (79.75)

16 (20.25)

65 (82.28)

0.395

0.539

0.015

0.332

0.497

0.356

0.969

0.085

1.000

0(0)

28(100.00)

18 (64.29)

10 (35.71)

6 (21.43)

22 (78.57)

24 (85.71)

4 (14.29)

16 (57.14)

12 (42.86)

6 (21.43)

22 (78.57)

17 (60.71)

11 (39.29)

16 (57.14)

12 (42.86)

19 (67.86)

3(10.34)

26 (89.66)

20 (68.97)

9 (31.03)

4 (13.79)

25 (86.21)

20 (68.97)

9 (31.03)

13 (44.83)

16 (55.17)

9 (31.03)

20 (68.97)

13 (44.83)

16 (55.17)

23 (79.31)

6 (20.69)

22 (75.86)

0.237

0.925

0.504

0.234

0.506

0.601

0.349

0.130

0.706




Non-mass
Enhancement
pattern

Homogeneous

Heterogeneous
TIC type

I

I

11
The T2 signal of
the lesion

Hypotintense

Isoitense

Hyperintense
Lesion  volume

(mm’)

ADC (x107,

mm?/s)

10 (18.52)

4 (7.41)

50 (92.59)

5 (9.26)
28 (51.85)

21 (38.89)

2 (3.70)
21 (38.89)
31 (57.41)

11 408.70 (6
470.47, 38
204.85)
0.81

(0.66, 0.92)

14 (17.72)

14 (17.72)

65 (82.28)

1(1.27)
58 (73.42)

20 (25.32)

2 (2.53)
22 (27.85)
55 (69.62)
5 045.60 (2
532.65, 10

794.20)

0.85

(0.76, 0.91)

0.147

0.014

0.365

<0.00

1

0.208

9 (32.14) 7 (24.14)
4 (14.29) 4 (13.79)
24 (85.71) 25 (86.21)
1 (3.57) 0(0)

17 (60.71) 20 (68.97)
10 (35.71) 9 (31.03)
4 (14.29) 2 (6.90)

8 (28.57) 5 (17.24)
16 (57.14) 22 (75.86)

1374510 (5  4840.00 (2

373.75, 49 792.60, 14
792.75) 875.00)
0.80 0.86

(0.70,0.90)  (0.77,0.96)

1.000

0.674

0.386

0.004

0.318

22 IR BRE G R TE

I HLR R FIZ R 25 Logistic [R]UH 7% H b B i 4

(P=0.010) FARMHAEF (P<0.001) 2 MNMRFAE AT HER-2 F5 RS B M7 Fii A &, &

T BRI R I AR SR AE I ZREE R AUC 79 0.758 (REEN 0.633 , FFREN

0.833) , TEMIREER) AUC N 0.722 CREEHN 0.966, FrREHN 0.464) . WL3FE 3,

R3I ImKREBERENERRMEZER Logistic [FHAHT

Tab.3 Univariate and multivariate Logistic regression analysis of clinical and imaging

characteristics



Clinical and

Univariate analysis

Multivariate analysis

radiographic OR (95%Cl) P value OR (95%Cl) P value

features

Age 1.028 (0.992-1.067) 0.133

Menstrual status 0.718 (0.348-1.460) 0.364

Breast cancer  2.265 (0.363-17.640) 0.380

history

Lesion mobility 0.756 (0.376-1.514) 0.429

Lesion quality 4.229 (1.461-14.050) 0.011 4.560 (1.462- 0.010

16.080)

Ki67 1.569 (0.739-3.432) 0.248

Axillary lymph 1.354 (0.677-2.723) 0.392

node metastasis

Glandular density 1.625 (0.699-3.788) 0.257

Lesion location 0.927 (0.463-1.855) 0.830

No. of lesions 0.468 (0.212-1.021) 0.057

Lesion shape 1.625 (0.389-2.379) 0.257

Enhancement 0.371 (0.101-1.109) 0.097

pattern

TIC type 0.822 (0.426-1.575) 0.554

The T2 signal of 1.564 (0.831-2.982) 0.167

the lesion

Lesion volume 0.945 (0.914-0.973) <0.001 0.944 (0.911- <0.001
(mm?) 0.972)

ADC (<1073, 1.692 (0.906-8.225) 0.372

mm3&)

23 BESRAHARE

Il HER-2 F£IAIRE KT AUC H2 5N 0.784 (REE 0.886, Hi5/E 0.537) . 0.819 (R

FT T2WI. DWI #l DCE L2 [ 55 4H S A I 2R EE Tl



FE 0.848, KRSEFF 0.704) F10.834 (RHUF 0.899, 4557EE 0.667) ; fEMPREE AN 0.777
CREUE 0.759, ReHFE 0.714) . 0.751 CREBUE 0.966, HFFE 0.607) F10.794 CREFE

0.931, %R 0.607) - WE 1.

B 1 ZTF T2WI. DWI & DCE-MRI B SBEBSHGHZRBLERVIGE (A FERE
(B) HER-2 BAtEFL LR 1) ROC Hh4: &

Fig.1 ROC curve of T2WI, DWI, and DCE-MRI based unimodal radiomics models for the
identification of Training set (A) and Testing set (B) of HER-2 negative breast cancer

subtypes
2.4 HHZ MRI PG A R R BRI #y 2

2.4.1 BREIRBL  EUL S EIf L (S B ICC A7 Eh 0.898 (0.855, 0.925) , AFEE
FIalfEME. M T2WI. DWI Al DCE EHE R IEFEEH T 2 971 NG A2 E, 2 Tiab
Spearman AHRPE T HARE TR IER Lasso [IH, HZ& 7 MHERMNARH AR, G35

DWI S 1 MFAE. T2WI#E4S 3 ANMEFE. DCE BE4S 3 AMFE, 590 2EULE 4.

£ 4 ZHEA MRIPRA PR

Tab.4 Multimodal MRI radiomics feature extraction

Modality Feature Coefficient

DCE exponential_firstorder_Kurtosis -0.340 991 877

exponential_firstorder_Minimum 0.617 847 415




gradient_firstorder_Variance -0.364 995 936

DWI log-sigma-3-0-mm-3D_glszm_SmallAreaEmphasis -0.164 593 498
wavelet-LHH_glszm_HighGrayLevelZoneEmphasis 0.390 840 424
wavelet- -0.397 490 758

T2WI LHL_glrim_RunLengthNonUniformityNormalized

wavelet-LLH_glrlm_ShortRunHighGrayL evelEmphasis 0.347 476 841

242 BHEESHGHEFHER  BS T2WI. DWI A DCE F31 252 MRI 25 4 22 47
TEMZREERDMIREET AUC {5 5 0.914 CRIEE 0.924, F57 % 0.815) F10.836 (R
J£0.759, R 0.821) , SWrmem TSN (R5) o @ik i s AR A Y
FRIE M 28T 5 radscore, HER-2 0 ik 41 A1 HER-2 (R FRIE LI radscore 7E I ZREE 73 B A-
0.910 1 0.970, 7EMIREES74-0.980 A1 0.790, /NMEEEE E/R HER-2 (K FRIALLH) radscore
5 HER-2 0 Rk gAML, 7EIIZREE (P <0.000 1) A4 (P<0.01) HZEFHE ST

BEX. A2,



B2 BHRESHIXI; HER-2 FIEFLEE R
Fig.2 Radscore differentiated HER-2-negative breast cancer subtypes

A: Training set waterfall plot; B: Testing set waterfall plot; C: Training set violin plot; D: Testing

sk

set violin plot; “*P<<0.01, ***P<<0.000 1 vs HER-2 zero group.

25 IR HRAFR SR LR BN

WE5 radscore AU AL AR i H BT AL G I PR FAR - AR 2 2 I S S B O R e v
AUC HAENZHEFH 0.930 CREUE 0911, R 0.852) , AUC 7EMIASE S 0.865 (R
% 0.966, R 0.697) , ¥IET 284 MRI BRI ANGEREAGAA (38 5 AIE 3) . Delong
e R, WS TN HER-2 RIRRA BRI T IR R (P=0.015) , HHHZHEAX
G ERR 2 2R LR L (P=0294) . KL EIR, 3 MY HER-2 FRIATH
T PR AE RS B 5 SRR A% A B 1) — Sk . DCA W ZR o, T B A I A 1 IR 25 40 T 1l

PRABETY, Y XS BI{E A 0.049~0.564. 0.686~0.742 I, IE ARSI T 58 A, K



#5 FHEBAENHEMAREH IR HER-2 BAtEILIMERERE A

Tab.5 The performance of each model in predicting the expression status of HER-2

negative breast cancer in the Training set and Testing set

Models Training set Testing set
AUC (95%ClI) Sensiti  Specif AUC (95%ClI) Sensiti  Specificity
vity icity vity

clinical- 0.758 (0.674- 0.633 0.833 0.722 (0.580- 0.966 0.464

radiological 0.842) 0.855)

model

T2WI 0.784 (0.708- 0.886  0.537 0.777 (0.654- 0.759 0.714
0.861) 0.900)

DWI 0.819 (0.747- 0.848 0.704 0.751 (0.615- 0.966 0.607
0.890) 0.888)

DCE 0.763 (0.763- 0.899 0.667 0.794 (0.875- 0.931 0.607
0.906) 0.914)

multimodal 0.914 (0.860- 0.924 0.815 0.836 (0.735- 0.759 0.821

radiomics 0.968) 0.938)

model

combined 0.930 (0.880- 0911 0.852 0.865 (0.769- 0.966 0.697

model 0.981) 0.960)
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Fig.3 Nomogram (A), Training set (B) and Testing set (C) ROC curve, calibration curve
(D) and decision curve (E) for different models to distinguish HER-2 negative breast cancer

subtypes
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