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Abstract

Meningioma is the most common primary tumor of the central nervous system, with significant heter-
ogeneity in biological behavior. The Ki-67 proliferation index and progesterone receptor (PR) are core
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molecular markers for evaluating tumor invasiveness, guiding treatment, and determining prognosis.
However, the traditional postoperative immunohistochemical assessment has limitations such as poor
timeliness and high sampling error, which cannot meet the needs of a precision medicine closed-loop.
In recent years, multimodal magnetic resonance imaging (MRI) technology has provided an effective
approach for the preoperative non—invasive prediction of Ki-67 and PR expression. Conventional MRI
enables preliminary prediction, while diffusion-weighted imaging (DWI) and apparent diffusion coef-
ficient (ADC) histograms improve the accuracy of microcosmic evaluation. Radiomics and deep learn-
ing models integrate multi-sequence data, showing good potential for clinical translation. Current stud-
ies face challenges including insufficient model generalization, lack of standardization for multi-center
MRI data, and unclear correlation between imaging features and molecular mechanisms. In the future,
it is necessary to construct large-scale multi-center imaging-genomics databases, promote MRI stand-
ardization, and clarify imaging-molecular mechanisms to improve the accuracy and interpretability of
predictive models, thereby facilitating the implementation of precision diagnosis and treatment for
meningiomas.
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1. 5|

i 88 2 PR AX 1 45 & 4t (Central nervous system, CNS) 7 W B R & M98, (ST CNS M i
39.3%, i R CNS MR 55.4% [1], FIEPRIZIT 5B BIOLA0NT 23t CNS s s Tilje B 2 .
10 2 i BRI RS yT Sk, 5 AR B P X 28 R G is 2 Wi R HE S (World Health Organization
Classification of Tumors of the Central Nervous System, WHO CNS) &\ k% 0o SR HE . HRHE B0 Ak 593
BIT IR, IR TSR E IR g fREIALE o T RAE = KB R e MR T 5 % [2], HALL Ki-
67 HFETEEUR PR AR B T A5 BRI KT T2 DAk o LR 12 28 1% OV 7 S R B8 25 T 1) 9%
BIRbR[2]-[4]. BAATIS, & Ki-67 RA5e MRk, BHE ARG SRR BE 5 1 PR HEMER
N2 5 g IR YAV AT MR, RIS R EZESE8[2] [5].

2. BbiRS S IE R E) R

Ki-67 1Ey— e e 60k T4 5 A 1 (G, Sy G2, M HI)KZ A . T8 #5101 (GO )4l b 5 4
BRRIIZE I, HREAKFIRE IHC & &kl (v 55 BH R4 5 S 20 ) B 4 R PEA, R I PR e I fi e
o 2 PR TR 1 () 22 ML S AR viE[4] [6], H BN R 2 W B 5 10 23 IE A O R AR[2] [7]. AN R B
FMMER, Ki-67 1% AF FAARIIIE = J5 T : Ho—, R IR0 75 5300 70000 T IR /) 284 i s —— > T B
£ <3cm ) WHO 1 iR, #5 Ki-67 £k >10%, H 5 EZRKKE <10%H T 3 45[8]: kKIS
WA FARMAERE VIS =, SRS PG ——Ki-67 R &5 F RV G5 R AR
I ARG TG A A A 5 R IEAH DG [8] [9], A& A VAR IR AN B P AR S T R, LB i Fi e
52, Ki-67 > 10%I1 WHO 1 2 i 4770 B BE 2 28 4Ty, ik — 20 ™ R LTS VEAS M E[8]. H =, %
FEFRBAHINEIT Rk T HIEE &V REER . WBUE KB A B R T LF AR
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R RERE, VAT P s BE MM R B A . A Ki-67 > 15% % & &R 5 R ALY, 1 < 5% 1)
e S i e BAKE V7 [10] -

PR A R VP AG i 588 A= 0 2 R P (R B o FAR 8, LR KP 5 MIR (2 28 M 2 B 3 A, IX—K%
B L3 78 70 B0k FE2EI6AIE . IHC R E 7R, 29 70%~80%(1 WHO 1 ¢ ( B )l iks 8 PR &i&iA, 1M
TEAZZEVE TSR WHO 2 4. 3 ZUiER 1, PR HRIUNRIEE KRB, ERIL[5] [11]-[14]. WoTF
WU, X PPk 2 5 B2 5 e ttufk 22 q Bk R WIS L DR T BN 2R (5 5B Bk R IG A 55 [5]. B E
B, PRSIV T 2 R A5 S @S 1 TS S i — DU 3R B AR K R T 2 R (EGFR)/ 22 34 SR v AL R
WEE(MAPK) S B AR IE S . EE ST, 28RS PR 44, HFFARNGE S1ESHP6E, Mk
A MGG . 4 PR SRREI) AR R S BRSSOl RS, EGFR BEBUE, oSS EGFR &
iE MAPK % 5 3. MAPK BERIEUEfG, SEE4IM N — RV GG, /b AAE OB RIA Kk
A, BRI AR I SG SR AR ) 1R 28R T, LR IR T B AR AT O . 1E 28 PRI 14 fii R 4
i, EGFR/MAPK 38 i AH 5 2 1 [ B 8 10 /K 1 B S T v, 40 3 B R [15] o X AN AL 25 T A
BT PR MMM S0 (1 12 28 v, BE DUk AR 0 S ) v T (n EGRR ikl 77 5 FH ) B At T B A/ B A [10],
8 PR TR I RAME AL e TG 43 2 ¥0 i S ¥R 25990 ik 1) “ PEBEIZ I Btk PR FRIA& AL O IR
EARIAEH AT FH—, MEATE PN LR 7 —— R 2RISR FTUE ST, PR BHE i LR i A
& 5 ELE RAEFRE WM B E B EIRE 20%~30% [5] [12]-[14], 2 HIWr S5 KITE (0 S 16hR, 3L
=, AERRIT ORI B R SR ——PR m 3R SR MR AT REXT SR A BN (WK A R R P AR VR T R
R, PR AR B KM PR BB, vl a T DU MRk e 1T PR BAPE S Rl =
BRI R A, 7RO BT B R T [7] [10].

SR, M ET I R PP S Ki-67 A1 PR B & A5 AE — — F R B A AR AR HE AT B G R A G
(Immunohistochemistry, IHC), {/53477EBA s fR1%: —J71H, IHC kel RFAENR)G 3~5 KTl H A, B
RVEA L, MELASCHEARFISIT 7 Z R HER ;5 — 0, ZR TR S5 Mg 5 i, %075 A7E1E
15%~20% [ UFE R ZE[ 7], P RE B0 T08 EVVEAL 45 5 IR B AR AR ) 2R e AN o I J) PR A 75 o
ARIGA SR BEVPAG 1AL e, LI 2 A mT R AL . R ST IIGR ok . R T,
PR RERE AR HTE BT Ki-67 F PR RIA/K-F B = Pk R, BA 2 RHEBERIIGARME: HA A5
SFARVIGRIE B HES € (W1 Simpson VIBR 73 SRR FE), I 68 A S 0T I ATL IR 4 W B 308 1) 245470 1) i
IR S H . EEERNE, SR RWEIZ O T RS A% - B 5 L8k
B, LIGEBRES “ARETHN - RPF0 - RGVEAE” 297 AR RIS, AT B I HES) i R
LI NE IS RS HEAL AR

3. MRI Tk PE 9 Ki-67 XN A
3.1. '”.%"%}t”, MRI

L MRI A FL 2 B R B, BONAR BRI SR TS 2R IE S Ki-67 215 (5 W M8 40 3 Ge v
PE)RBRME Z AR, (HARA AL IR, T GFEARRESIG R 528G R

TEME e K BARIX — oL TR Z 40 hs b, S0 78 CIE LR . Bozdag 557141 Zhao %5 [16] #1443
FUESE, MR BN EAR S Ki-67 MRS AAE ML ARG RS S [17]3E— P DL Ki-67 > 4% A FHHE,
R ARIAR L R B K BAR R R TARGRIA L, HEW LA g g A R ke £ Bl 4 PR 5 I 0 b v, 3
MHEZ) Ki-67 3Ri& L. SR, Ouyang 5[ 18] AT 1A M4 2 — 35 1 35 0, HOGHE [ R 7E T 7t
FEALL WHO 1 [ 98 2y E (i5 bL 85%), TR Frb e Hh A4 R 55 H B 1 () G TR ME AR AL 95, SR AR
IR BE P LS B 2 . X — Gl 2% Moon Z5[19]1 22 0y KEEATIE 78 (n = 576)ff k. W FAE
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P WHO 700X — R R KL, MR s R BRI Ki-67 ik B W R 5, Wil 7 — &%
R S AEHRER 2 T PER A b BRI R NAL, A S AN 55 98— 5 T Am] o T Ki-67 ik
IR EARAR T AR B BN R A R R AR S L B B RO, BR A BTN TR Ki-67 miRkis
FIBURIERTIL 82%. X —KILCREE G FIRKZIT: X THM MRI 78 “KER + WEARN” 1
IR, A RT PUA H  E AR rh A R RES OR U RV Rl DA R AR SRR U, AR WU 5 4 e B 5 TR
W& (4 3 /M HEE MRI); X “/NEAR + AGHN”7 H MRI TN Ki-67 < 5% iR, 248 S E
AR MU SSRI,  Im R 7T 1645 Simpson 11 ZV)BR, ARG EMiBhBUT, AU &4 % MBE U7 B AT [20]

3.2. IhgE MRI

e MRI ATEALIR GOW A 2R, IARFT T BTl Ki-67 23E (S I B TR) R SoRs #E SR %
&, HA A RIEORE T AR AL SEOLAT e, B

3.2.1. ¥ BUmMA AL % (Diffusion-Weighted Imaging, DW ) R E TR B AR

(Apparent Diffusion Coefficient, ADC)

TEN ) Z DR BOR, HAZ AUy R e U DX A R 5 P T v M AR R 4 /), PR A
K TYEL RINIK ADC . 22U FTIESL IR IME: Zhang SE[21]RTFTACHL, AHXT WY B R 2
(relative ADC, rADC) 5 TR IR AR Kl & . TR Ki-67 Rk RAMC, I B i) my i 58 1
X; H#EaZE[22]#— 5, ADCmean. ADCmin. rADCmean. rADCmin ¥ 5 Ki-67 fitfioc. Kk, Xt
TALER . FARRE & R, & ADC &8, FEnmigil, ReTAR: ADC IEH & nl & HkEv;,
Gt 2R YT .
3.2.2. ZBYIhEE MRIBKERH

RIRTHNRLRE, £ ZHEE OO AL . Cao 55[23]1) T1 mapping BX# ADC H 7], Ll ADC C10
(ADC fH A EE 10 B 20405 T1 C90 (T fE A f55 90 B 70 K0 AL i e s ) S ik, M
(RERA Y T Ki-67 &Rk 1) AUC IX 0.864, &ML T H— ADC 24 AUC=0.730), A R eh e —$L
AR .

3.2.3. BYBRRTFEBMBUH % (Amide Proton Transfer—Weighted MRI, APTw—MRI)

VERB B F R R, 9 Ki-67 TINERME 7 A0l A o R TS B A R i B, @
Tk AT I B 1 BT B 5 1 5 7K 43 B T (R A 4 RN S R [24] . AT 5 R S Al . NIRRT RS B
BEEAIE, HFT e TR RS R)[25]; 7F Ki-67 Hill 4, Yu Z5[26]iFE 52 APTwmax 5 Ki-67 £ 1E
FHSCHLA Dy 3 5 R 2 A A it TheE APTw 55), H APTwmax > 3.14%H, Ki-67 Z it 3%,
PR TR BCERN T AR (g KU ER) B Ko Va Fl,  FRARSE A XU .
33 RGEERREFS]
331 BGRGEF

g A8 A @it N THEE MR BUR s 480 . AR SRR, STEILK e S o P4 (1) B Ak 2317
HAZ OIS T REe 1 R IR TGV R A g0 fR % B S (Rl o A 2 5, MR PR ZE RS Ki-67 RKi& S L
X, [RIHLE v R Ki-67 T A B A T8 3 MRIIRRE . A, iZ R M TIMERE %) % MRI 541 i%
. EOER X (RO E L7 SRS ) FR R R RE e, /5dnd 2 4E AR A 3R T T S

TEFF AR B S IGIREFERLA 51, Zhao [16]553E T T1 AU 55 /7 41 (Contrast-enhanced T1-weighted
imaging, CE-TIWI) 2R AL - E, FEEE M BT RO B S IR RFHE A R T a, 4R iR
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IR MZE N HEIA(AUC)IL 0.873, IFSE CE-TIWI F7 415t i Rg 18 FEAH ¢ 5 o PRI HE R 77, HLIGARARAE
(I AT ik — D AR A RO U

£ ROI 5& L7 T ELA F b, Li S5 [27] R4 LA 7 A E MRIF41(T1WI, T2WI, CE-TIWI). ROl
Y (2D o KT vs 3D A98) IR S HIR A G Re, BARIL: 5T CE-T1WI J¥%1. 3D 4278 ROI
FRIURHIE, IR AR DI 7y S g b i i B R B A, IR 4E AUC ik 0.798, HHiE4E AUC 34 0.752.
X—£E R T 3D 498 ROI KM A ——JL At 58 4 1 Hh 78 25 R B4R S M, o/ 2D 8k T BURE [
Ji g SR AN — M S B R 2, e S AR T ROI S8 LIS it

TEZ2 ZHTH) 5 RFEARLAE 2, Khanna S5[28]7F J& [ KA FL(AN N 343 Bl ER B3, LA Ki-
67 = 5% Nl FHE)H —PUESE 2 S5 MRI FIME: @IEHEE TIWILL T2WIL FLAIR 7 51 [F SRR AE AL 2
TR, 7RI ZhEE SIRIFSE R AUC 4351k 0.80 A1 0.84, JRBLH RUFHIZALEE J1. ZFIBLNEF S WHO
1 I ELIR 1) J5 BB R [29] 7, R P AH [R5 AR B 4 4] 7 SCHF ) B AL (Support vector machine, SVM)#AY, )|
SAEHI0UFSE AUC S5 0.83, AR HIDHE T VY-t 1K 22 ol Ao g 306 e vl P B 4t T RT SR BOAR &, TR X
TREAR/N AL WHO 1 5 8 ) TPl sk R A S % 1 .

3.3.2. REFIJEBTN Ki-67 Rik

TREE S SRR, HR 5 R 22 X 4% (Convolutional neural network, CNN), &5 H: B shiz 4 A5 0% 2
FRFERIRE S, AR Ki-67 TR AL T 5 ma B B A%, (H LI PR AL X OO SITE T2 A BE
FIAS & — RIS RS LE I S50 A M REAR (WA [ oty AN [ 152 2% 25000 ) B 1A T 806 55 1 B

TE BRI B 2 SRR 7, Chen Z5[30]3& T CE-TIWI A, K] ResNet50 ZEHH IR 2
SIS SRR, AN PRI AE T TN Ki-67 (9 AUC 34 0.905, 3L TG AR SR, JESE T IF
JE 5 U0 B AERAARRFAE M R 3 SR, A AUAE AN IR IE AR AUC BRFF 4 0.501, JHEINAZ O 5 A 2
AFE G MRI R % #(L5T 5 3.0T) KA S 82 7 S8 ARKE 2 fi ks, FiE T RBESIRE %3]
BEALZ AL RE ST 1 Je PR A

NIRPRIX — ] 8, RS IR P ST AR RO 7 B — B S 2RI BE R, T g
VAR, SETHBR R E M. Chen ZE[31]E T B A0 1008 131 B 56 8 Sidis , JFR 1T
Transformer B4 (1) 22 AR IR FE 2 )AL XAV S 1 3D TIWIL T2WI. CE-T1WI &£ /751 MRI
BIg, BN T e s A A QA5 TEUR AR AE B A e s AR 2 8500, R i8I 22 YO 58 ML SE 0 2 A A5
RIRERG, A8 — B RE B M E. SRER, 1ZEATE N FHE+R AUC IX 0.797, HAESH
HRIGAIE A T AR R 2 AL RE 1(AUC = 0.808), {2 L T 1L Se il bR T 7Y

X— R EAEBEIRRME: E£2 P OUMESIT s, 2B E M2 AR 77 T ORAS [R] 2= Bt
AR A& = AR AR B RE AR — B0 Ki-67 TIIZS S, a0 2 5 S BUS T i 22; Hol
ERG— ARG T, NS REREARMTEERN Ki-67 TS%, kR ST AR U6 )
5E (4N Simpson 43 2%1% %) K AR JG T80T LA, HES) IR 22 A O [R SAGI2TT 1 SR
4. MRI FURIfXBRTE PR FRIERI KA
4.1. BH; MRI

WL MRI ARG TEAS SR R T A 50RT PR 0K AR AL RE A R, (HEB 7R 8 SRR IE AT B A5 I AR AR s A
{8, oA PR A5 A B R AR R S BT A O A% O dR bR, IR R AR nT AR A A Bh 225 k4

TEMIRE RN E DT, ALE S PR RN SCEAC G R 2 DU T80 IE: Maiuri ZE[32]0F 7L RIL, Pl
0 K% 6586 DX 3 ) i 53 PR PH 2 2 35 W vy, HLIX 26 PR 26k JRT o REBE SE 6 M IO AR 24T N — R BN
WHO 7 K. Ki-67 SEFERECEMR R B R FE AL, $&7R PR w2k rI R i 58 R 1 A 4 2 R P i
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FEFRE[33] [34]. ZEBMESE[35]E 210 BIRFEAM L HE—PAESE, FURALE AR PR FHYERIE (407 T
PRIZR,  HOp B AR R 2 WL AT RE 5 MR TR 2 B3 2 S A Bl K At A 6 —— 22 ol vl el I A 5% 36 B A i
S Je i e A, ki B PR ik ANid, Mnango 25 [36] (I FUHE HHAN RIS G R T o™ 1T DX 4k (A v
J TS YN R () PR A g v T HA X, HiZ 2R ARIEGIHAE L, HEN A e SR AR BN B R
i B 7 bR HEA [F) B

FESRAC KR, FEURAE[35] MW ST RIS fia i, $ 509k /g PR BHIERIA A o) — H EHRIORFE:
STERALI AR PR P LR B 25 T AN S0 s A0, LI AT RES PR IR 255 W83 1 6 A Jl AR ok —
—PR B IR 2 AR 51 0 A, AT YRR LS N B AR D REAGSE M3 RS AR CE IR A B 23 20 A s T
PR BITE R RS AR i 2L, W RBUNIGE R A AN, SR L2 IUA 258, FIPHAESE[371H0WT 7T
JUFE/R I EEAE S PR FIBAALE R : PR PH PR 0 T o 58 (1) 42 22 Ve85 55, B 5 T U 245 10 U Fy 12
BRFEAE, AIEDY PR BHAE 4 B W 4

TXBCARFAE F I R A AN B AR BAE AR BT PR T b X T MRIRR “fURALE + 50584 + I
AL BOMGHRIEE, AT A00 FOAIL PR BHIE RS, AR AT Se PP a6 97 (oK AR =1 ) 1 9 B s
ROAAT IR W Az E + ARSIeR + CRKERAL” B, FE PR IR RS, AT
SRR E AR T IS AL SB iy R P RVIEREH], B R H0T . BLREIT I HER, bk
DRSS AR Ja i B RUE R B VR T I L. VR R, ST 3oL aH M MRIESSERHEME R PR
TR, H A e B R(AUC < 0.65), ME L 2 Il RS HETIN 75K, V0745 5 TURE MRIL (R 412255
REBT AR D R T FIHERE .

4.2. ThEE MRI

FEMGEIR PR RIS A, Thee MRI 8 i & A6 IR TMOW SR SRR AR B2 T FOAS #E 2, Hodh ADC B 7
B3 B A 4 s ADC (0 A AL e 1, B A MRI 2 WIS R, w58 4xThi il e o 53 i 1 5 PR
FIEMIKEL, A PR CAIVPAL SR Gl R S 1

ADC B 7 ElEd mpE . VR, HAMBESHENK S T 8RN, ZRE%ES PR A SRR
AEVERHIE B O Gihr ZE[38]WFFTIESE, PR M ADC B 7 P FE 5 25 = T FH 1 4H(P < 0.05),
B PR BRI A B i 8 42 28 V3 s (A 3 FE AN Y TUNIARAE S TR R AR 4Rk 2 7). S BUK S T3 802 IR
X I A AT, I & RN AN E THE . 170 Bozdag Z5[ 7)1 R ML S I, HEMI 5 PR KM . —R—EE
PR BHPEMRI A LE R A B P, FESE ARy HE R R R AR EIRE i dE 298 40, A IR 2

Zhao “E[11)WFFLiE— 0 9 iR JRR: Fodid 4 ADC BT it KB, ADC B 70 5 e
RFEEVEAR DG, H T PR ) AUC Bl ADC T 43057 BB T = 1 PR (K 4347 40 ADC10. ADC25 B
W PR BB R s 28 0E), S, M “ADC BT RI4L& S5 (WE + ADC25) + WHO 734% 7 Bt
G, U AUC i5 0.849, WEEMN T HR—Z KR, IESEASR 0 nl 2 A PR AR S &,
454 WHO 73 R Reilt— B BA M ARV 2R, STk Re -

G AR F, ADC HJ7ERIEN PR Tl FAZ oAb FEFEFR: X H AL MRI 3278 PR H MM 28 o 4 (an
CHREIAUAE + RTREIISITRAG” VIMAER, BT BN BT IKE S ADC S EEI N, TRk
PR B XS 00, AT 58 35 80T IRV T Pl S s AP IR Bt (w2821 0. ADC 43438 5)), T3 s
PR BHMEAE B, ARGEEEIBIT IS IREEARATKYE, B IR HE12IT 07 ZiE .

4.3. HGBEFERREFES
43.1. RGRIRBEF
LG A A SR S 2 75 MRI IS 4ERAE, A R M MR 53 —ThEE MRI 1 RR, B3
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FEFHI SR PR AL O A HERR B2, G RIR B T B AT SRR BT G AN VPAG TR, HA QM EAILE “ 245
TERLG” 5 “IIR AT HAPE” PRYERE .

TEH TG A 40 504, Duan 26[39]LL CE-TAWI JYFER, HREEXAFRAF AL R R BE ML AR Y, 1]
FHT =% A M B8 PR RIA T, A7 AUC ik 0.75; R 5 #2823 4 (Decision curve analysis, DCA)i#—35
HESE, 7EBEMEZ 20%~80% (1l PR S VG N, A5 B I PR 3R 28 5 38 A0 T A i — S H0E A . ix —
BCR N BRI R 2 T 3 T RS W IR TR YIBR ST AR Tk A U i i A s, A5 A
AREGHM PR BAYE, AR5 SR A PRI G 80T %6, DA MR it ke, ks H ik ae e H
aIT FB .

Lin %5 [40] 2 v Co it FE U HE B A% G52 A8 41 22 1 I R A0 H OB — 20 i S8 A T2WIL CE-T1WI
BT IR A RS B E IR S B (A0S . IR &), KA PR S T RA M R B & T A R, 7
P ERISAIEAE 5 AN B6E S AUC 23 i3k 0.827 AT 0.846, f 0T 8 — G 4 A A ke IR 2 B A,
JEBL AR Sz ALRE /7. L, i SHAP (Shapley Additive exPlanations) ) 4 WA 1 454 57 iR -
b CE-TIWI J7 51 (i SUARFAE (0 2K 52 L A= JE R 005 ) o ik B R, A AR T 1 A28 R R PT g R 2, 4 “ 2R
Fa7 IR I PR A AT FE 5

IR (11 PR AN B A R AR ILAE BE Va7 IR AT T ARk B (R o e £, IS TR PR
BHAE, FIORJCHERE MR PUGYT, RO KIEMEIRIT 2 RS 2700 PR Bk, W B3 3
7 B AR VAT TR (W EGFR #IHI7)), BREEFHGEIT R, N EE LA E BT RN A A
R ARSI TT T5 il 52 SRS HE AR

4.3.2. REZFITM PR Fik

TRJE 5 ST I SR PR ZRIE T ol e 3, Horp iR 2T #8 2% 2] (Deep transfer learning, DTL)#;
ARIEAZ O R, HA R REF B AR R T E BRI A m 8, KIER Tl e S5 iz 1k ae 77,
N PR TEBITEAL SRk R R B A%

FERMRE 2= IR 2, Chen ZE[30]1LA CE-T1WI NN, KA ResNet50 ZEAA M AR, Py 3l
£ AUC 15 0.771, AMBESHIEEE AUC 4 0.703, ESEVRFE S 2 v] H 3288 CE-TIWI ' PR AHSCHIIRJZRFHE
(InampsmA S e BREMES M ESR), H&IRKN .

Gao ZE[41])N ] DTL SEHLERERRTH: [FIRERE T CE-TAWI, Z6H) i 25 ResNet50 $2 BUR BEHF4E, T
28 LASSO [B]91fi% 35 M REERFEM EE SVM 8L, JIREE AUC ik 0.842, 3R T SEAH IR B 2% S 8
A; DCA WiFR R, 7ERMEMZE 15%~90% 6 H Py, FHf ARG IR o im i 1k S QAL 8, wlg e P
CREEINT 5 U7 AR, BAIRKRSH TR ZHEAR IR EE SRR DTL SRER A RS
PRI S (e 2 BB 2 D00 R o e ) A7 DR i T e, RER AT T SE T PROIRZS, AR AT 54
HRTT IR E SR HIRAE, G IS R A 12T T K

5 HARSRE

BRI = ROk —RERZHUAR, PO B% . B0l EXRES T
B R rhnBdEsh ZinEll, MRI RS HZER SERIED AT WES, SonaEs N, =R -
DT HURRIRA], R A=A B - WEL” R, R TR, BRI AR S IR RS
FERE o RRBIFUHT =TT I RA: Ho—, MR, 2 rhts s ATHE VR R B 18 —— 2k R L =2 dle 2
BERAK. R WE AR, SIBRIZRAEG; LT, S MRI FSIRRHELL, flES S
FALER R, DS EER T L=, SaHxAy. EARASITARRIE B I/ 7l g, 55
AR - HURISRHE ", SRTMEIRN AT MRt o I PR AS, W DRI ME R SRR E I, B

DOI: 10.12677/acm.2025.15123560 1527 I IR 2= =23t e


https://doi.org/10.12677/acm.2025.15123560

N=N (= = =
/ﬂ%‘lrlﬁ Hr Ao

AR T 2T
S5

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Ostrom, Q.T., Price, M., Neff, C., Cioffi, G., Waite, K.A., Kruchko, C., et al. (2022) CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2015-2019. Neuro-Oncology, 24,
v1-v95. https://doi.org/10.1093/neuonc/noac202

Goldbrunner, R., Stavrinou, P., Jenkinson, M.D., Sahm, F., Mawrin, C., Weber, D.C., et al. (2021) EANO Guideline on
the Diagnosis and Management of Meningiomas. Neuro-Oncology, 23, 1821-1834.
https://doi.org/10.1093/neuonc/noab150

Nowak-Choi, K., Palmer, J.D., Casey, J., Chitale, A., Kalchman, 1., Buss, E., et al. (2021) Resected WHO Grade |
Meningioma and Predictors of Local Control. Journal of Neuro-Oncology, 152, 145-151.
https://doi.org/10.1007/s11060-020-03688-1

Zhang, J., Zhang, G., Cao, Y., Ren, J., Zhao, Z., Han, T., et al. (2022) A Magnetic Resonance Imaging-Based Radiomic
Model for the Noninvasive Preoperative Differentiation between Transitional and Atypical Meningiomas. Frontiers in
Oncology, 12, Article ID: 811767. https://doi.org/10.3389/fonc.2022.811767

Roser, F., Nakamura, M., Bellinzona, M., Rosahl, S.K., Ostertag, H. and Samii, M. (2004) The Prognostic Value of
Progesterone Receptor Status in Meningiomas. Journal of Clinical Pathology, 57, 1033-1037.
https://doi.org/10.1136/jcp.2004.018333

Mestrum, S.G.C., Cremers, E.M.P., de Wit, N.C.J., Drent, R.J.M., Ramaekers, F.C.S., Hopman, A.H.N., et al. (2022)
Integration of the Ki-67 Proliferation Index into the Ogata Score Improves Its Diagnostic Sensitivity for Low-Grade
Myelodysplastic Syndromes. Leukemia Research, 113, Article ID: 106789.
https://doi.org/10.1016/j.leukres.2022.106789

Bozdag, M., Er, A. and Ekmekgi, S. (2020) Association of Apparent Diffusion Coefficient with Ki-67 Proliferation Index,
Progesterone-Receptor Status and Various Histopathological Parameters, and Its Utility in Predicting the High Grade in
Meningiomas. Acta Radiologica, 62, 401-413. https://doi.org/10.1177/0284185120922142

Shinya, Y., Hasegawa, H., Shin, M., Kawashima, M., Umekawa, M., Katano, A., et al. (2023) Long-Term Outcomes of
Stereotactic Radiosurgery for Postoperative World Health Organization Grade | Skull Base Meningioma: Utility of Ki-
67 Labeling Index as a Prognostic Indicator. Neurosurgery, 93, 1144-1153.
https://doi.org/10.1227/neu.0000000000002546

Oya, S., Kawai, K., Nakatomi, H. and Saito, N. (2012) Significance of Simpson Grading System in Modern Meningioma
Surgery: Integration of the Grade with MIB-1 Labeling Index as a Key to Predict the Recurrence of WHO Grade |
Meningiomas. Journal of Neurosurgery, 117, 121-128. https://doi.org/10.3171/2012.3.jns111945

Alghamdi, M., Li, H., Olivotto, I., Easaw, J., Kelly, J., Nordal, R., et al. (2017) Atypical Meningioma: Referral Patterns,
Treatment and Adherence to Guidelines. Canadian Journal of Neurological Sciences, 44, 283-287.
https://doi.org/10.1017/cjn.2016.449

Zhao, Z., Zhang, J., Yuan, S., Zhang, H., Yin, H., Wang, G., et al. (2024) The Value of Whole Tumor Apparent Diffusion
Coefficient Histogram Parameters in Predicting Meningiomas Progesterone Receptor Expression. Neurosurgical Review,
47, Article No. 235. https://doi.org/10.1007/s10143-024-02482-1

Abdelzaher, E., EI-Gendi, S.M., Yehya, A. and Gowil, A.G. (2010) Recurrence of Benign Meningiomas: Predictive
Value of Proliferative Index, BCL2, p53, Hormonal Receptors and HER2 Expression. British Journal of Neurosurgery,
25, 707-713. https://doi.org/10.3109/02688697.2010.522743

Maiuri, F., De Caro, M.D.B., Esposito, F., Cappabianca, P., Strazzullo, V., Pettinato, G., et al. (2007) Recurrences of
Meningiomas: Predictive Value of Pathological Features and Hormonal and Growth Factors. Journal of Neuro-Oncology,
82, 63-68. https://doi.org/10.1007/s11060-005-9078-9

Fewings, P.E., Battershy, R.D.E. and Timperley, W.R. (2000) Long-Term Follow up of Progesterone Receptor Status in
Benign Meningioma: A Prognostic Indicator of Recurrence? Journal of Neurosurgery, 92, 401-405.
https://doi.org/10.3171/jns.2000.92.3.0401

Tangen, I.L., Werner, H.M.J., Berg, A., Halle, M.K., Kusonmano, K., Trovik, J., et al. (2014) Loss of Progesterone
Receptor Links to High Proliferation and Increases from Primary to Metastatic Endometrial Cancer Lesions. European
Journal of Cancer, 50, 3003-3010. https://doi.org/10.1016/j.ejca.2014.09.003

Zhao, Y., Xu, J., Chen, B., Cao, L. and Chen, C. (2022) Efficient Prediction of Ki-67 Proliferation Index in Meningiomas
on MRI: From Traditional Radiological Findings to a Machine Learning Approach. Cancers, 14, Article No. 3637.
https://doi.org/10.3390/cancers14153637

IS, SRS, B, 5 T 228 MRI R4 AR AT BN NS Kie7 ZaA Mt 7Tl & E SR i2 Wy,

DOI: 10.12677/acm.2025.15123560 1528 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15123560
https://doi.org/10.1093/neuonc/noac202
https://doi.org/10.1093/neuonc/noab150
https://doi.org/10.1007/s11060-020-03688-1
https://doi.org/10.3389/fonc.2022.811767
https://doi.org/10.1136/jcp.2004.018333
https://doi.org/10.1016/j.leukres.2022.106789
https://doi.org/10.1177/0284185120922142
https://doi.org/10.1227/neu.0000000000002546
https://doi.org/10.3171/2012.3.jns111945
https://doi.org/10.1017/cjn.2016.449
https://doi.org/10.1007/s10143-024-02482-1
https://doi.org/10.3109/02688697.2010.522743
https://doi.org/10.1007/s11060-005-9078-9
https://doi.org/10.3171/jns.2000.92.3.0401
https://doi.org/10.1016/j.ejca.2014.09.003
https://doi.org/10.3390/cancers14153637

JH O fE = =
/J:%llrlil Hr Z5u

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

2024, 28(4): 416-421.

Ouyang, Z., He, S., Zeng, Y., Zhu, Y., Ling, B., Sun, X., et al. (2023) Contrast Enhanced Magnetic Resonance Imaging-
Based Radiomics Nomogram for Preoperatively Predicting Expression Status of Ki-67 in Meningioma: A Two-Center
Study. Quantitative Imaging in Medicine and Surgery, 13, 1100-1114. https://doi.org/10.21037/qims-22-689

Moon, C., Lee, Y.Y., Kim, D., Yoon, W., Baek, B.H., Park, J., et al. (2023) Preoperative Prediction of Ki-67 and P53
Status in Meningioma Using a Multiparametric MRI-Based Clinical-Radiomic Model. Frontiers in Oncology, 13, Article
ID: 1138069. https://doi.org/10.3389/fonc.2023.1138069

Apra, C., Peyre, M. and Kalamarides, M. (2018) Current Treatment Options for Meningioma. Expert Review of Neuro-
therapeutics, 18, 241-249. https://doi.org/10.1080/14737175.2018.1429920

Zhang, R., Wang, Z., Zheng, H., Chen, X., Chen, H., Song, Y., et al. (2024) The Value of Diffusion-Weighted Imaging
in the Natural History of Meningiomas: A Predictor of Tumor Growth. Journal of Neurosurgery, 140, 377-385.
https://doi.org/10.3171/2023.6.jns222483

Tidk, 77 BRER, 5. RTREBUR BT ER E HEr RK K67 SETEAR B A R D]. MR R 2,
2024, 33(2): 136-142.

Cao, T., Jiang, R., Zheng, L., Zhang, R., Chen, X., Wang, Z., et al. (2022) T1 and ADC Histogram Parameters May Be
an in Vivo Biomarker for Predicting the Grade, Subtype, and Proliferative Activity of Meningioma. European Radiology,
33, 258-269. https://doi.org/10.1007/s00330-022-09026-5

Zhou, J., Payen, J., Wilson, D.A., Traystman, R.J. and van Zijl, P.C.M. (2003) Using the Amide Proton Signals of Intra-
cellular Proteins and Peptides to Detect pH Effects in MRI. Nature Medicine, 9, 1085-1090.
https://doi.org/10.1038/nm907

Joo, B., Han, K., Choi, Y.S., Lee, S., Ahn, S.S., Chang, J.H., et al. (2017) Amide Proton Transfer Imaging for Differen-
tiation of Benign and Atypical Meningiomas. European Radiology, 28, 331-339.
https://doi.org/10.1007/s00330-017-4962-1

Yu, H., Wen, X., Wu, P., Chen, Y., Zou, T., Wang, X., et al. (2019) Can Amide Proton Transfer-weighted Imaging
Differentiate Tumor Grade and Predict Ki-67 Proliferation Status of Meningioma? European Radiology, 29, 5298-5306.
https://doi.org/10.1007/s00330-019-06115-w

Li, M., Liu, L., Qi, J.,, Qiao, Y., Zeng, H., Jiang, W., et al. (2023) MRI-Based Machine Learning Models Predict the
Malignant Biological Behavior of Meningioma. BMC Medical Imaging, 23, Article No. 141.
https://doi.org/10.1186/s12880-023-01101-7

Khanna, O., Fathi Kazerooni, A., Arif, S., Mahtabfar, A., Momin, A.A., Andrews, C.E., et al. (2023) Radiomic Signa-
tures of Meningiomas Using the Ki-67 Proliferation Index as a Prognostic Marker of Clinical Outcomes. Neurosurgical
Focus, 54, E17. https://doi.org/10.3171/2023.3.focus2337

Khanna, O., Fathi Kazerooni, A., Farrell, C.J., Baldassari, M.P., Alexander, T.D., Karsy, M., et al. (2021) Machine Learning
Using Multiparametric Magnetic Resonance Imaging Radiomic Feature Analysis to Predict Ki-67 in World Health Or-
ganization Grade | Meningiomas. Neurosurgery, 89, 928-936. https://doi.org/10.1093/neuros/nyab307

Chen, J., Xue, Y., Ren, L., Lv, K., Du, P., Cheng, H., etal. (2023) Predicting Meningioma Grades and Pathologic Marker
Expression via Deep Learning. European Radiology, 34, 2997-3008. https://doi.org/10.1007/s00330-023-10258-2

Chen, C., Zhao, Y., Cai, L., Jiang, H., Teng, Y., Zhang, Y., et al. (2025) A Multi-Modal Deep Learning Model for Prediction
of Ki-67 for Meningiomas Using Pretreatment MR Images. NPJ Precision Oncology, 9, Article No. 21.
https://doi.org/10.1038/s41698-025-00811-1

Maiuri, F., Mariniello, G., Guadagno, E., Barbato, M., Corvino, S. and Del Basso De Caro, M. (2019) WHO Grade, Prolif-
eration Index, and Progesterone Receptor Expression Are Different According to the Location of Meningioma. Acta Neu-
rochirurgica, 161, 2553-2561. https://doi.org/10.1007/s00701-019-04084-z

Carbone, L., Somma, T., lorio, G.G., Vitulli, F., Conforti, A., Raffone, A., et al. (2021) Meningioma during Pregnancy:
What Can Influence the Management? A Case Series and Review of the Literature. The Journal of Maternal-Fetal & Neo-
natal Medicine, 35, 8767-8777. https://doi.org/10.1080/14767058.2021.2004585

Miyagishima, D.F., Sundaresan, V., Gutierrez, A.G., Barak, T., Yeung, J., Moliterno, J., et al. (2023) A Systematic Review
and Individual Participant Data Meta-Analysis of Gonadal Steroid Hormone Receptors in Meningioma. Journal of Neu-
rosurgery, 139, 1638-1647. https://doi.org/10.3171/2023.3.jns221838

R, BEESR, AR, & AT MRIFFETIREE PR RERSMMEN]. R, 2022, 13(7): 1-5.

Mnango, L., Mwakimonga, A., Ngaiza, A.l., Yahaya, J.J., Vuhahula, E. and Mwakigonja, A.R. (2021) Expression of
Progesterone Receptor and Its Association with Clinicopathological Characteristics in Meningiomas: A Cross-Sectional
Study. World Neurosurgery: X, 12, Article ID: 100111. https://doi.org/10.1016/j.wnsx.2021.100111

FHPTHE, Br— X, 2R, &5 2 ZHIR BN 25 B E N IEE 70 0 PR SRIXIITN[I]. 24025 TR,

DOI: 10.12677/acm.2025.15123560 1529 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15123560
https://doi.org/10.21037/qims-22-689
https://doi.org/10.3389/fonc.2023.1138069
https://doi.org/10.1080/14737175.2018.1429920
https://doi.org/10.3171/2023.6.jns222483
https://doi.org/10.1007/s00330-022-09026-5
https://doi.org/10.1038/nm907
https://doi.org/10.1007/s00330-017-4962-1
https://doi.org/10.1007/s00330-019-06115-w
https://doi.org/10.1186/s12880-023-01101-7
https://doi.org/10.3171/2023.3.focus2337
https://doi.org/10.1093/neuros/nyab307
https://doi.org/10.1007/s00330-023-10258-2
https://doi.org/10.1038/s41698-025-00811-1
https://doi.org/10.1007/s00701-019-04084-z
https://doi.org/10.1080/14767058.2021.2004585
https://doi.org/10.3171/2023.3.jns221838
https://doi.org/10.1016/j.wnsx.2021.100111

YAY==3

e

ir%lllrlil Hr Aot

2025, 31(1): 20-24, 31.

[38] Gihr, G.A,, Horvath-Rizea, D., Garnov, N., Kohlhof-Meinecke, P., Ganslandt, O., Henkes, H., et al. (2018) Diffusion
Profiling via a Histogram Approach Distinguishes Low-Grade from High-Grade Meningiomas, Can Reflect the Respec-
tive Proliferative Potential and Progesterone Receptor Status. Molecular Imaging and Biology, 20, 632-640.
https://doi.org/10.1007/s11307-018-1166-2

[39] Duan, C,, Li, N., Li, Y., Cui, J., Xu, W. and Liu, X. (2023) Prediction of Progesterone Receptor Expression in High-
Grade Meningioma by Using Radiomics Based on Enhanced T1WI. Clinical Radiology, 78, e752-e757.
https://doi.org/10.1016/j.crad.2023.06.006

[40] Lin, G., Chen, W., Chen, Y., Shi, C., Cao, Q., Jing, Y., et al. (2025) Development and Validation of a Machine Learning
Radiomics Model Based on Multiparametric MRI for Predicting Progesterone Receptor Expression in Meningioma: A
Multicenter Study. Academic Radiology, 32, 2182-2196. https://doi.org/10.1016/j.acra.2024.11.019

[41] Gao, S., Zhao, L., Li, N., Zhou, X. and Duan, C. (2025) MRI-Based Deep Transfer Learning Models for Predicting

Progesterone Receptor Expression in Meningioma. Frontiers in Oncology, 15, Article ID: 1517205.
https://doi.org/10.3389/fonc.2025.1517205

DOI: 10.12677/acm.2025.15123560 1530 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15123560
https://doi.org/10.1007/s11307-018-1166-2
https://doi.org/10.1016/j.crad.2023.06.006
https://doi.org/10.1016/j.acra.2024.11.019
https://doi.org/10.3389/fonc.2025.1517205

	磁共振成像预测脑膜瘤病理标志物表达的影像学研究进展
	摘  要
	关键词
	Advances in MRI for Predicting Pathological Biomarker Expression in Meningiomas
	Abstract
	Keywords
	1. 引言
	2. 核心标志物与临床问题
	3. MRI预测脑膜瘤Ki-67表达的应用
	3.1. 常规MRI
	3.2. 功能MRI
	3.2.1. 扩散加权成像(Diffusion-Weighted Imaging, DWI)及其衍生的表观扩散系数(Apparent Diffusion Coefficient, ADC)
	3.2.2. 多参数功能MRI联合应用
	3.2.3. 酰胺质子转移加权成像(Amide Proton Transfer—Weighted MRI, APTw—MRI)

	3.3. 影像组学及深度学习
	3.3.1. 传统影像组学
	3.3.2. 深度学习模型预测Ki-67表达


	4. MRI预测脑膜瘤PR表达的应用
	4.1. 常规MRI
	4.2. 功能MRI
	4.3. 影像组学及深度学习
	4.3.1. 传统影像组学
	4.3.2. 深度学习预测PR表达


	5. 挑战与展望
	参考文献

