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Abstract

Key words

Background and Aims: Ki-67 is an important biomarker reflecting proliferative activity in breast
cancer and plays a critical role in prognosis evaluation and treatment decision-making. Currently, Ki-67
assessment mainly relies on invasive immunohistochemical examination, and effective non-invasive
evaluation methods remain limited. This study aimed to develop a nomogram based on dual-energy
computed tomography (DECT) quantitative parameters for predicting Ki-67 expression in invasive
breast cancer.

Methods: A total of 128 patients with pathologically confirmed invasive breast cancer who underwent
DECT examination at Suining Central Hospital between October 2023 and June 2024 were prospectively
enrolled. According to a Ki-67 cutoff value of 20%, patients were classified into a high-expression group
(n=85) and a low-expression group (n=43). Quantitative DECT parameters from the non-contrast,
arterial, and venous phases were collected, including spectral curve slope (1), iodine concentration (IC),
normalized iodine concentration (NIC), effective atomic number (Zeff), normalized effective atomic
number (NZeff), and tumor-arterial iodine fraction (TAIF). Receiver operating characteristic (ROC)
analysis was used to evaluate the predictive performance of each parameter. Subsequently, the Boruta
algorithm was employed to select feature variables, and a logistic regression model was constructed to
develop a nomogram. Internal validation was performed using Bootstrap resampling, and model
performance was evaluated by ROC analysis, calibration curves, and decision curve analysis (DCA).
Results: Compared with the low-expression group, the high Ki-67 expression group showed
significantly higher values in non-contrast A, arterial-phase A, arterial-phase IC, arterial-phase NIC,
arterial-phase Zeff, arterial-phase NZeff, venous-phase NIC, venous-phase Zeff, and TAIF (all P<0.05).
ROC analysis demonstrated that all DECT quantitative parameters had predictive value for Ki-67
expression, among which arterial-phase IC showed the best performance (AUC=0.721). Five variables,
including TAIF, arterial-phase Zeff, arterial-phase IC, arterial-phase 4, and venous-phase 4, were selected
to establish the prediction model. Internal validation showed that the model achieved an AUC of 0.818
(95% CI=0.728-0.900). The calibration curve demonstrated good agreement between predicted and
observed probabilities (Hosmer-Lemeshow test, P=0.312), and DCA indicated favorable clinical utility
across a wide range of threshold probabilities.

Conclusion: The nomogram based on DECT quantitative parameters can effectively predict high Ki-67
expression in invasive breast cancer and may provide a useful non-invasive tool for molecular
characterization and clinical decision-making.

Breast Neoplasms; Ki-67 Antigen; Dual-Energy CT; Nomograms

CLC number: R737.9

http://www.zpwz.net



555 4 AL, % T B CT 2 E5 503 H 3L % Ki-67 & K3k TN A2 & Ay 2 899

FLMR I 2 2 P W BB R, R R
F PR AE h I L perp 2452 BT, UG
TS DR B FLRE 2T BOR B A
A, I B AT TR 2y FEB T IR,
I PR b R 418 98 kb 23 3 4 A E A JXUBS: A AN SE 12
I7 280 B BE R Ki-67 2 2 W 3L g G SE T BR
PERE 24845, Al T RS B0 A0A T OB
FUAT . Ki-67 32 2050 o o 31 4 g 41 200 22 e i
ZOTIE® AR, AR FER R R
PR 25 DL ROME DL B G S5 R BRI g, Tl
e ) T Ki-67 2 35 7K 7 X T4 il R R R
AW R L .

XMW fig # CT  (dual-energy computed tomography ,
DECT) 3 2 2 f A [7] fIE 8 31 Bl A 20 5 000 4% 23 B
R AT A R B, S B, JF
Bl AE 1 AR A 5 A SRR SR A 2 S RO AR
DECT MY AE MR B BA MBS, a5 2
FoftJee A 73 5 R I Sk 25 AR O B E B ROEET Y. AR ST
& 76 R I 3L Mg kb DECT 58 i 2 805K 4 I R R AE A4S
HE 1) £ P AR AR S 1 Ki-67 2k K, R il R B
L 52 Pk BT Ki-67 ek KP4 10 5 25 (8

1 RS

1.1 SRR

AT 5 R I B 12 W o o 1R O0F O i, B
FE 07 508 1 DU )1 48 1% 7 0 R B B E AR HE 2 B
ZFAL (%5 . KYLLKS20230121) , #5891
SE% it A0 A 15 A RE A2 W A PR A SE R (Standards
for Reporting of Diagnostic Accuracy Studies, STARD)
T BT X5 A A ) T80 B2 W 22 DR 9 00 A A i
O
prediction model for Individual Prognosis or Diagnosis,
TRIPOD) 7 B>,
1.2 wBIKIR

2023 4F 10 H —2024 4F 6 H , 7E V)14 i% T 1l
Hh O B2 B T B 1 A 28 B S W Ok IR T P LR s
MR . AR . (D) ot (2) =18 %5
(3) FL 53 kb 221l PR A2 W g FLIR IR, ELPBLAT s B
G (4) BE AES AN RIFEE (R E
) HEERFRHEW T 0 (1) A3k 5 8 2 %€ i DECT
Ko (2 RAEFLME s (3) i BIE 52 0 R ul i
A2 5 (4) DECT 5 Kol IR i BE BT ORE AN 58 8 0 B

(Transparent Reporting of a multivariable

g, Jefg 128 il (128 Mkl AT .
1.3 XEEWRERIE

K H GE Revolution 256 H CT #F 17 M & 7 49 K&
B WSO AR, B ECE R EA 0=
Jl . HSHEEMT : Bk 80/140 kV (0.5s)
WEES D14, R T A BEIE BUER (GSI) Assist B3,
MRS HE R 11, SR 28 58 B 80 mm, BRI 0.5 o/,
IR 0.992: 1, JR)RSZEBEYN S mm. XF E I H
FH B % e (370 mgl/mL) , 7 4 1.2 mL/kg, il
i N OE b K s R T AR A, TR 3~4 mlds .
PR R SR T, B AEXT R E S
30 s #1160 s 43947 2h ik 3 A ik 3 DECT 494 . =11
BG RETE )G, £ £ GE ADW4.6 (GE Medical
Systems ) 4t A7 BIG 5 Ab B, 4R R 80 °F- 43 [
& . =1 40~140 keV 5 LR G . 3 kA
ik W vk B (iodine concentration, 1C) [E1% . @6
oI R K0 B TR (Zeff) KGR BT A
15 2 J2 2 [ #3500 1.25 mm
1.4 BE&aih

P I A e s AR S [R] a3 5 e Ak A
BEJE 2 448 FE (TAERHE>54) I EE
b 5 B BE AR R R X 48 (region of interest,
ROI) 472 . ROI ) i % 3K 3 BOR A 1Y) fie KA
I, EEFREAR . SRAE S A X (1) . IR
T DECT & S50 T« (1) 78 40~140 keV & 13
R, 43 00 G749 19 L 2l ik A A e kO 9 b
M CTE, THA =X Reis & At R (A, A
A H: A= (40 keV CTE-70 keV CT{H) /30; (2) 43
59000 Sk 2y Pk 3O R e Tk A0 9 kL % TR T B 2 Bh Bk IC
A S B A AR MEAL LR E (normalized iodine
concentration, NIC), A3 k. NIC=4# kb 1C/[% £ 3
JiK 1C 5 (3) 43 531 D0 3k 5 ik 390 0 e ok 0 9 kR [ )28 T
K E KR Zett, THR S B bR E 10 AT 850 T
J£ %0 (normalized Zeff, NZeff), A3 N : Nzeff=fif
kb Zeff/ [ 5 S Bk Zeff s (4) 1155 Mo Jed — s ok il o i 444
SRAEC (TAIF), XK. TAIF= (J Ak 3h Bk 1C-
g kb wR KON 1C) 1 (B 3 30 ik 3h ik i 1C- [ 3 2 ik
FIKBIIC) o
1.5 IaKRRBERR

WA R AR . B, e . ALRE.
g /N L B S Y . A SRSy TNM 433
e 3% E Z K (estrogen receptor, ER) . ZEZ¥ K Z K
( progesterone receptor , PR ). NERERKHAF%

http://www.zpwz.net



2
HER2) DL K Ki-67 S5 %0k, g BRI RIA) 73 o 12 0 Pk
AR R R A (B S 9, Invasive ductal
carcinoma, IDC) FIHARZSA . >R F 0 9% 4l AL s 46
M4 ER . PR, HER2 A1 Ki-67 19 £ 50K A . ER Al
PR (1) FHPE R 3 R BHAE 4K >1% ;. HER2 e 41
PERE I 25 5 R 0 88 1+ R BAPE . 3+ I PHYE, 240

(human epidermal growth factor receptor 2,

Area : 36.12mm2
Min : 16

Max : 50

Avg : 30.96

SD : 8.65

Sum : 805
Length: 21.36mm

i/,ﬁjfﬁ

El1 DECT#ZEIL AR ROI A E

Figure 1 ROI delineation of breast lesions on DECT images
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A: Non-contrast phase; B: Arterial-phase iodine map; C: Venous-
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Table 1 Comparison of clinicopathological features between high- and low- Ki-67 expression of breast cancer

I A BRAFAE {52540 (n=43) ek (n=85) X7z P
SRR (%))
28~50 11(25.58) 39(45.88)
>50~60 19(44.19) 25(29.41) 5.154 0.076
>60~82 13(30.23) 21(24.71)
H 4R (%)]
YT 14(32.56) 42(49.41)
3.296 0.069
W25 )5 29(67.44) 43(50.59)
BMI [kg/m?, M(IQR)] 24.32(22.48~28.00) 25.00(22.83~27.24) -0.613 0.540
AT (%) ]
IDC 37(86.05) 72(84.71)
0.041 0.840
HAh 6(13.95) 13(15.29)
JitEd K/ Nmm, M(IQR)] 27(20~30) 27(20~38) -1.336 0.182
HE2 53 n (% )]
Gl 4(9.30) 1(1.18)
G2 29(67.44) 30(35.29)
26.136 <0.001
G3 1(2.33) 34(40.00)
PNl 9(20.93) 20(23.53)
TNM 533[n(%)]
I 4(9.30) 12(14.12)
Il 29(67.44) 48(56.47)
2.698 0.489
111 9(20.93) 18(21.18)
v 1(2.33) 7(8.24)
ER K& (%)]
B 2(4.65) 30(35.29)
14.300 <0.001
iERES 41(95.35) 55(64.71)
PRARA[(%)]
B 8(18.60) 35(41.18)
6.521 0.011
[{Ef23 35(81.40) 50(58.81)
HER2{RZ[1(%)]
5N 36(83.72) 68(80.00)
0.260 0.610
PR 7(16.28) 17(20.00)

FR2 Ki-675. RFIEIIREDECT EESHLR

Table 2 Comparative analysis of quantitative DECT parameters between high and low Ki-67 expression in breast cancer

DECT /E 24 R4 (n=43) A (n=85) "z P

SR [M(IQR)] 1.47(1.14~2.79) 1.68(1.39~1.85) -2.432 0.015
KA (F = 5) 2.83+0.98 3.48+0.86 -3.877 0.000
FRIKIA [M(IQR)] 3.87(3.21~4.36) 4.12(3.66~4.75) -1.806 0.071
FHIIC(F + 5) 14.76+5.2 18.55+4.47 -4.261 <0.001
I NIC [M(IQR)] 0.11(0.10~0.16) 0.15(0.12~0.18) -3.665 0.000
kI Zeff (% + 5) 8.48+0.29 8.69+0.24 -4.294 <0.001
kI NZeff(z + ) 0.70+0.04 0.71+0.03 -2.373 0.019
FRIKIIIC [M(IQR)] 20.30(16.57~23.15) 21.87(19.45~25.15) ~1.889 0.059
FEIKINIC (% = 5) 0.41+0.09 0.45+0.11 -2.215 0.029
FRIKI) Zeff (% = 5) 8.78+0.28 8.88+0.26 -1.998 0.048
FHIKII NZeff(x + ) 0.88+0.03 0.88+0.03 -1.164 0.247
TAIF [M(IQR)] -0.07(-0.12~-0.05) -0.06(-0.08~-0.02) -2.867 0.004
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Figure 2 ROC curves of DECT quantitative parameters

for predicting Ki-67 expression in breast cancer

HE, SR B Kio67 L Sk BT R

&3 DECTEESHNILREKI-675. RFEMTNRIAE
Table 3 Predictive efficacy of DECT quantitative parameters for high- and low- Ki-67 expression levels in breast cancer

FE R SHHE R AUC(95% CI) HTE MR (%) HURE(%)  FERE(%) PPV (%) NPV (%)
REELSD 0.632(0.523~0.741) 1.54 65.63 65.88 65.12 78.87 49.12
kA 0.722(0.621~0.824) 2.74 76.56 85.88 58.14 80.22 67.57
BRI A 0.598(0.492~0.704) 3.98 58.59 57.65 60.47 74.24 41.94
kM IC 0.733(0.634~0.833) 14.74 77.34 85.88 60.47 81.11 68.42
BKWINIC 0.698(0.593~0.804) 0.12 75.55 87.06 51.17 77.89 66.67
Bl Zeff 0.730(0.629~0.830) 8.47 77.34 85.88 60.47 81.11 68.42
Sk NZeff 0.613(0.505~0.722) 0.69 7031 84.71 41.86 74.23 58.06
ki IC 0.603(0.496~0.709) 21.26 59.38 57.65 62.28 75.38 42.86
FkMINIC 0.618(0.519~0.718) 0.48 54.69 41.18 81.40 81.40 41.18
HK Zeft 0.622(0.516~0.728) 8.86 59.38 55.29 67.44 77.05 43.28
# kI NZeft 0.564(0.461~0.668) 0.90 48.44 32.94 79.07 75.68 37.36
TAIF 0.655(0.558~0.752) -0.04 52.34 32.94 90.70 87.50 40.63
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Figure 3 Construction of the prediction model for high and low Ki-67 expression in breast cancer A: Variable selection; B:
VIF analysis of collinearity among variables; C: Nomogram
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Figure 4 Internal Bootstrap validation of the prediction model A: ROC curve for discrimination performance; B: Confusion
matrix of model prediction for Ki-67 expression; C: Calibration curve; D: Clinical utility DCA curve
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