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Abstract
Objectives: Construction of a habitat analysis model based on Gd-EOB-DTPA-enhanced MRI for
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preoperative prediction of Ki-67 expression in hepatocellular carcinoma. Methods: A retrospective
analysis was conducted on 433 patients with pathologically confirmed hepatocellular carcinoma
(HCC) from two medical institutions. Based on the Ki-67 expression level detected by postoperative
immunohistochemistry, patients were divided into a high Ki-67 expression group (n = 320) and a
low expression group (n = 113), and were further chronologically divided into a training set (n =
349) and a test set (n = 84). The least absolute shrinkage and selection operator (LASSO) regression
analysis was used to select optimal predictors for establishing a habitat imaging model based on
magnetic resonance imaging. The performance of the model was evaluated using the area under the
receiver operating characteristic curve (AUC), accuracy, and sensitivity. Results: A total of 3290 fea-
tures were extracted, and the tumor was divided into two subregions. After feature dimensionality
reduction, 61 features were retained. The habitat analysis model achieved AUC values of 0.836 and
0.814 in the training set and the test set, respectively. Conclusion: The habitat analysis model based
on Gd-EOB-DTPA-enhanced MRI can serve as an effective method for noninvasive preoperative pre-
diction of Ki-67 expression status.
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1. 53|

JH- 4 i (Hepatocellular Carcinoma, HCC)/& 4 BRFAAEAA CFE T8 — KR RI[1], HiGy7 R EAHEF
RUIG RSk T i 255 2], REFRUIGR —FM R ERT B, HeERENeES
BEEARFIET I EERN[3]. Ki-67 &5 B s va 7 2R A0S A R R BUR [4]-[6], 2T
HCC 83 A Ja 5 R AA R TS RSB 7 7]. 2810, W17 Ki-67 BRI F AR T A S S 4
ZUL7, PR AT TC B TS T3l HCC 8 R XS A1 TR 97 77 S e BAT EEME . 5 A
RehE B mE B AR HUE B GRE R R W R AL SR R (8], AW RR M, TR A5k
MRS . CT B MR BMERHIEREDS S2II Ki-67 RIA M TLBITRIM[O]-[14]. ST, LSRR NG A I R
NI RARBEATRFAE SR I, 20 1 R P BRI SR B . O T TRt o A R R e i b gRe S, AR
FRABEARRLE A, i 2 M EEN IR AT 7R, K R S O R 4y S B S TR AR ) SRR AE (1)
T X SR AEES) [15]-[17]. HRT, AEERfg 7 A VS TR S w2, AR T3Pl HCC Ki-67 3%
k. FETALFEM ZH(Gd-EOB-DTPA)¥] MRI K25 7E HCC (2 Wikl Tl 5 VAl vh R ¥4 3 S ZAE I [9] [18]-
[20], FHECAESGER . CT B Ik AAE 2. Bk, A5 S EM E#HET Gd-EOB-DTPA 1
58 MRI AR 8540 B R A5 76 R BT FN HCC Ki-67 HIZRIETERE, AMEIL 16T $R AL — Mg i 77
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%2023 4 3 AOAEEE LG ESEBE(2021 4F 3 25 2024 47 4 JHRVES, JRRIPRIIZRERAIINRSE . 4
NFRHEN: (1) MBS N HCC 33543 Ki-67 KlISE - (2) AT 3 JHA4F Gd-EOB-DTPA i MRI
WA (3) AR ARIEZLATMRAEM AT, QIEHUT ST AR IEBEL AT . FEBRARIER: (1) IR
ERUFARND - IR SR R ETIR: (2) FARVIBRE NIGIT R RN HCC: (3) WAREIGI %
| SRR T IR B R . PR, BARIER . RS, TR L. DRGE . A E(AFP). 2T
TREEHBV). WHFHEEHCV). PR T4, R E S BIALT). REARAIEH B I(AST).
- EBE R IE(GGT), ¥R R g ik,

182201855103 -2023F3 A BE R AFEMBERRL
2021438 -2024FA B EEMRHLERRZETA HCC

e e
MNFTAE: —
iy ERRRERHCCTRBK-6TR LT T ——
;\zﬁf@mﬁmmd'EOB'DTPA% """ . R ERBEAN TSR
e HCC
(3) RETEE AT, Ny N
SN, M. MAREERAT (3) HEEEREE

o REBMANAIBIEE
+ Ki-67&3RAA n=320
+ Ki-67{FRX4E n=113

4

o« IEBATI (n=349) «  WistBAFI ( n=84)
Ki-675%iAx%H n=250 + Ki-67&%%4H n=70
Ki-67{F5=i%4H n=99 + Ki-67{ERAH n=14

Figure 1. Flowchart of the study
E 1. IRREE

2.2. FRIBFHE

Xt Ki-67 & AT R UL R gt RIS B A0 A AR B 0 S 4R B ) B SR DAL R IA
Ko SR)E, ARIESCHTINE FIPRUE21]-[23], ¥ Ki-67 FIA D NWIKRFIE(L10%) M HRIE>10%).

23.MRI 5%

A #4527 Gd-EOB-DTPA 95 MRI fafr, AR 1 EIGEHEE A5 LT A4
T2WI. DWI. ZhlikKH(AP) [TEIKIHPVP)FHIHIA(HBP).

24. BigohSHENE

MR 5734 b P A BSOS R ER AR (0 A LA 9 4E AN 6 SRR W 22 30 $h AT, b Al IS R (K i A9 i
PRA B BRI o 35 e WA —8 WSS = F & (B 20 48 HCC Wi 4e) LA LR, P
JBUM BHER ARSI IPAS T HCC LA 14 T MR SRHRHIE, GIFHRMEER . 47958H . MRiL%. ¥
A& AR BB B B, AL, AT, ShoWERA T T PR S AR R A
G5 EMELL(SNR) DL K TR 45 .
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2.5. BB RODKAE

i [} ITK-SNAP # - (JfiA 4.02, https://www.itksnap.org/) W BAG B G AT =4 T30 #l. 78 T2WI.
DWI.AP.PVP 1 HBP Ef& bF3))/4) 1 HCC I8 N X 38 126 53 mT B K B0 & )2 1 2 1) 2% R [X (RO,
HARFF 74116 ROT JZ (1 — 2tk . FRAESRERT, % MRI BG34T A = 45035558 F 0.5%F1 99.5% (1)
Y, HAHEF z-score FFiEBHATIRE T —1b.

2.6. E{GTRALIE K FhiE T X 35 53 51

{8 H pyradiomics (WA 3.0.1)HEAT EME AL HL. B 1B J7 CRTRBERIBRINIERER S, N TG
$iHlfi(Laplacian). Gabor. (RpdJEIE & AN LU EE R AR N AN S, DL LS IR JURHIES (., I s Y
WNZRRCR, AF BRI AT AT . EUR SR 2R B B 5 B (3, 3, 3] f8TH pyradiomics BEHUEATRHIE
FEHL, ALHEN 4G UG EHAT R B (RODG R MR E A — 1k . R ZAEMGS 1[0, 25536, ARERA R % &
SRR AL, M SRR A e . 487 0037 2038 ¥ (Quantile Transform) /7 15T Hidi bt . 7242
Biortireh, SR A MRI PG AT e SR EOAl, 18 v R SRS R AR bR (e B 2 5, e
RN FP AR B AR IR I 9 2, RV RE XAl 73 g o S X3 IX 3 1 Xk 2), a2 fos. Bl 0t B
B HEGATRIERCAE, BIR2S AI0 R— 8, 24T K-means FESEEIENREAN T 21 1 I8 X 3t AT 28
By, A AN B AN FNE SRR B DX e rT A 45 (1] 3), B ZR 1401 P Jeveg P 3 e o 1 2 AT
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Figure 2. Evaluation of the optimal cluster number for habitat segmentation in five sequences
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Figure 3. Delineated target areas and post-habitat-segmentation visualization maps from representative cases
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2.7. Gt ot

ERAEUIE + bREZEEIRMIERS A0 B AR CE AR IERS A0 ER, R EE I ATE
RN . ESAEE KA Student’s t-15:56 8 Mann-Whitney U 5363570871, 432835 R F * #5568 Fisher
FEHAR IS HEAT 20 M7 o A ICC PN RIURAAE () L 523 [ TR 8235 Y T B . (R B B ke e M (1CC > 0.8)
PRSP TRE A T Ja 8200 . R TIPS S BRI IX 406 ), M sz il TARRHIE(ROC) I 26 3 11 5
B2 N THBAUC). Gt HH A R BA(FRAS 4.3.1)F1 Python(fiiA 3.7: https:/www.python.org/)i47

3. &%
3.1. IEREERE

AWFFRILGIN 433 1) HCC F#E, AR 59 &, JUHAE 17~82 & 2 [6]; B3t 353 4, (5 EE 81.5%.
[y, SXTHRI, ERIEHEREIRHE SR HBV. MU BEATE K. TEAEAMMN ., 5 5 1A 78 M
W HPAEIIEE 78 5 RV 5. S ML SRR S (p < 0.05).

3.2. EESIERGE

W 1R, PP SR HURHIE SR N (8 3327- IR MER-E) = 3290, 2 5il%t 5 NFFIa A T 5 Ik
A FIFEATRE TR . MRS R, 256 AR SRR (1) )7 51 S 2436 HL: HBP (1)~ AP (1)~ PVP (1)-
PVP (2). T2WI(1). DWI()FI DWI(2), HH(D)RMQ)ERTAFHINKFEE AR X 75005 L 7
BN X 3T R B A AE AT R U8, BN O T.test (GHELZEFIEAE label (0/1)2 [AIf2H 18] 2 5, {484
P-value < 0.05 FJFFfE). @ PCC (THEPEPERFIE I OC R %L Cor, 24 Cor KT 0.95 i, fREH E—2 T.test
H P-value B/NFI—N)o @ H/NAXTUAR 5 1% (the least absolute shrinkage and selection operator,
LASSO)ATHRHEIE R, 7507 % B ERAE I FIRS, B bR A o B 2% DL AR AE & IR 5 (35 113 1Y)
FFHEAT VK LASSO [#4E(15] 4), LASSO $F#E kit FE#E 2402 alpha: 0.01220617370052535, 4k, il
A XIS UETH R TR ZMSE), PAfE SRS S8 2, W T s s A poll v AR BT . eI IRE 61
ANFARRFAEILE 2) KT 5 FORFIE F TSR 2 A B —HLas 2% B, FRREAT LA AT DAVPAG SR 1k
Ae. @R TIR, SCREN(SYMBLAGRIG | AR RE, DRt T i L @it

Table 1. Total extracted feature types and feature counts

= 1. BREUHERB SHEN

FHIEZERY FRIE S X FHIES S FRIEA %

First Order Features — M RHE firstorder 648

Shape Features TEASFHIE Shape 14

Gray Level Co-occurrence Matrix Features IR FEFLA SR glem 792
Gray Level Run Length Matrix Features IR PR B glrlm 576

Gray Level Size Zone Matrix Features K JE R T IX 33 p glszm 576

Gray Level Dependence Matrix Features TR 55 AR 7 ot gldm 504
Neighbouring Gray Tone Difference Matrix Features B I IR 22 ngtdm 180
diagnostics IR PERFAE 37

AR IBURIE R 3290
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Figure 4. Habitat analysis feature selection
& 4. FROTHEHELSE
Table 2. Habitat analysis model features
3 2. ERDIIEBNHE
RSl RS e B3 HHES WHES B
1 HBP Habitat 1 wavelet-LHL firstorder Skewness
2 HBP Habitat 1 wavelet-HHL glem Difference Variance
3 HBP Habitat 1 Ibp-3D-m1 glem Correlation
4 HBP Habitat 1 Ibp-3D-k firstorder Skewness
5 HBP Habitat 1 Ibp-3D-k glem Imcl
6 HBP Habitat 1 exponential glszm Small Area Low Gray Level Emphasis
7 HBP Habitat 1 Gradient Direction glem Imcl
8 AP Habitat 1 log-sigma-1-0-mm-3D firstorder Maximum
9 AP Habitat 1 wavelet-HLH firstorder 10Percentile
10 AP Habitat 1 wavelet-HHL firstorder Median
11 AP Habitat 1 wavelet-HHL firstorder Skewness
12 AP Habitat 1 wavelet-LLL glem Joint Average
13 AP Habitat 1 wavelet-LLL glem Cluster Shade
14 AP Habitat 1 1bp-3D-k glrlm Short Run Emphasis
15 AP Habitat 1 square glszm Small Area Low Gray Level Emphasis
16 AP Habitat 1 Mean-bilateral-Image firstorder Interquartile Range
17 AP Habitat 1 Gradient Direction gldm Small Dependence Emphasis
18 AP Habitat 1 High Pass Filter firstorder Kurtosis
19 AP Habitat 1 Edge Enhancement glem Idm
20 AP Habitat 1 Edge Enhancement glem Inverse Variance
21 AP Habitat 1 Contrast Stretching glszm Small Area Low Gray Level Emphasis
22 PVP Habitat 1 wavelet-LHL firstorder Median
23 PVP Habitat 1 wavelet-HLL glem Cluster Shade
24 PVP Habitat 1 wavelet-HLH firstorder Skewness
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35
36
37
38
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40
41
42
43
44
45
46
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48
49
50
51
52
53
54
55
56
57
58
59
60
61

pPvp
PVP
PVP
PVP
PVP
Pvp
pPvp
pPvp
PVP
PVP
PVP
pPvp
pPvp
T2WI
T2WI
T2WI
T2WI
T2WI
T2WI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI
DWI

Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 1
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 2
Habitat 2

wavelet-HLH
exponential
square
logarithm
Ibp-2D
High Pass Filter
High Pass Filter
log-sigma-3-0-mm-3D
wavelet-HHL
Ibp-3D-m1
Ibp-3D-m1
Ibp-3D-m1
square
wavelet-LLH
wavelet-HHH
wavelet-LLL
square
Prewit
Gradient Direction
original
Ibp-3D-m1
Ibp-3D-m1
Ibp-3D-m1
squareroot
logarithm
Gradient Direction
gabor
gabor
Ibp-2D
High Pass Filter
wavelet-HLH
square
squareroot
Mean-bilateral-Image
Mean-bilateral-Image
lbp-2D

Scale Space Filtering

glem
ngtdm
firstorder
ngtdm
firstorder
firstorder
firstorder
glem
firstorder
firstorder
glszm
glszm
glem
firstorder
glem
glem
firstorder
glem
glszm
shape
firstorder
firstorder
glszm
ngtdm
ngtdm
glem
firstorder
glrlm
firstorder
glem
glem
firstorder
glrlm
glem
ngtdm
firstorder

glem

Cluster Shade
Busyness
Kurtosis

Complexity
Kurtosis
10Percentile
Kurtosis
Difference Variance
10Percentile
Maximum
Size Zone Non Uniformity Normalized
Zone Entropy
Difference Variance
Median
Id
Inverse Variance
Skewness
Inverse Variance
Gray Level Non Uniformity Normalized
Flatness
Kurtosis
Skewness
Gray Level Variance
Complexity
Busyness
Imc2
Kurtosis
Short Run Emphasis
Minimum
Inverse Variance
Correlation
Minimum
Run Variance
Sum Entropy
Coarseness
Minimum

Inverse Variance
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3.3. BEFR 5T
TSR, JATHE— B2 T IR AR A SCHR B AT P AR 23 (K 5).

Confusion Matrix

Confusion Matrix
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Figure 5. Model validation and interpretability analysis
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TRVEHE R P DAVT A AR I ZREE AN IE SR o 1) 73 R BOR (B FE HEIf A . BURBEAIRE 7 ) o [RIINT A 2 1 15900
B, BWRREMEAR TN > X SRR sk 7 ), Hop, aEymRIAH, Bae NRREH,
Ki-67 ik W IR mA3 7 58, Seom AR SRR S m) T 95 . =28, mrRext NS Z R BilE,
RFEAABERE, BUGTTREE L. thah, @i AL R LR 7 5. K Ki-67 FIA 47 SERRFE L T
M5 BRI A 25, Group | AR RIEY, Group 0 NIKFXL. MFEALERS Y EEFR, Rl
AR RE ] TSGR Y, MR IR AR AR o b, PRORAR TR E . XD IRE TR Il R
X 4 fie

X AR SR A AR B T 1 B HEAT T RGP, BFEHAEYIZREEAMNRLE 1) AUC fE (P 95%E A5 X
). AERARE . BUSHERE M, RARGE R 3. fENGET, ZEAIRIH LTS 2 EE, AUC {8
N 83.7%, UERAFEN 86.9%, HURMEIL 91.4%. [ 6 7 THIALE ROC #h4k, IZRSAMAE T AUC
B354 0.837 F1 0.814. IbAh, WREEHIZE M HT(DCA)SE B Eor, SR RLE I A N A b B B v i
(K 7).

Table 3. Prediction performance of the model

3. RAR TN RE

AUC (95% CI) TR U R
PIIEZR S 0.837 (0.795~0.878) 0.788 0.808 0.737
A S 0.814 (0.712~0.917) 0.869 0.914 0.643

True Positive Rate (Sensitivity)

S —— Training 0.837 (0.795~0.878)
00 e Testing 0.814 (0.712~0.917)
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate (1 - Specificity)

Figure 6. ROC curves of training and test sets
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Figure 7. DCA curves of training and test sets

7. NEEFMIKER DCA #hk

4. WHig

AW OK T GAd-EOB-DTPA #5155 MRI A= 355 73 #1 N FH T HF 40 Ml Ki-67 RIAMARFTTRM, #
PR A )1 SR SR NS IE AR Hh 3 R I R A B TN A e (AUC 430l 4 0.837 1 0.814), Il PRI ML 7 —F
TC O VAl R G VR VR R TR . BEAh, BRI T 2 B H A (R 34T 21, i — DR T
PR f e M A A B AR

HEAE 22 T T4 G s A8 4L A BB 78 CAE SE N HCC Ki-67 F#is Ml 471 [24]-[27]. H#G, HCC
Ki-67 FIL I TRINATY SR & B T G B %077, X EH — g RRRYE . &9 RAR U 5 5 i
ST RN IR X3, ELAR RE 70 2 AR PN 23 [R) S B PR [28], AR R (T R v . ML Z R, AR
B ridad Rl oy AN A (0 DR X 45, - R % SRS A0t fil SRR O AR 2445 B Jeri I 9 & UE B T
A B ARAE TN HCC AW AT N M H R G B R T T BT AT 1 [29] [30]. AHFFEH, A FHIB8 A5
PIANE X3, 23 5% AN A A S ARAE, FRATTHED, X3 1| AR S e Y MR SE R X, HAEZ 24
MRI &I DWI £ &E S, SR R HE RS, mucE At E 5, X 2 ARG S
PERIRBEX, 200 T TG, DWI 258MUE S, MmERIUNER B8k, g &
FTRLAL IR A AS ) (O I X SR ARG T HCC MR BE VRS B, AT VAR ET i HCC Ki-67 Fik
PALTEAMMER WAE. 555, Fan 5 A[101UERH, AHECT B —4REERIAY, BEE5 T AP Al HBP RHE B A 15
BRI SR AR B T P e . AR AT R LU AN R — R FI IR, 1A B A7 AR AE AT B
4, RIGERT 61 NSIREHE. T Gd-EOB-DTPA MRI BEASHR AR AS 45 W5 ., o Re AL R A 10
DiRefE 5 [19] [31], FAVETRITEIFR T —MEE AR B HCC Ki-67 ik, ZEAIE [
I P T 1

K FAFAE—ERIRIRYE . o, R ERATT 22 aid e 15 FH R0 o B A2 Bk 1] it K1) 73 U 254 5
AR A, AH R B B T A ASE BR R A A ol ik . JLIR, HETX T HCC H Ki-67 MERIA/KF 0
PRUEALIBIME, CF IR T RIS, W01 5% 14%8% 25% [25][32] [33]. FRATTE SLHT 10%01
BB PT REAAAE i

M2, A5 EET Gd-EOB-DTPA 358 MRI &7 A2 58 /3 B B A R 1 il HCC Ki-67 RIATRHE T
WS, XM BA SO TN Ki-67 FKIE 177720 UL Bl RS 2B M5 H B8 AP IR a7 AR W, ]
AE TR HCC B3 /ML TG & B 2% .
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