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Abstract

The spatial heterogeneity of the bone marrow microenvironment in multiple myeloma (MM) with
skeletal infiltration represents a major challenge in clinical diagnosis and treatment evaluation, as
conventional detection techniques fail to comprehensively capture its pathological characteristics.
This review focuses on CT radiomics as a core technological approach, systematically elucidating
the pathophysiological basis of skeletal habitat heterogeneity in MM, including regional heteroge-
neity within the bone marrow microenvironment, dynamic interactions between bone marrow ad-
ipose tissue (BMAT) and tumor cells, and the tumor-promoting mechanisms associated with the spa-
tial distribution of microvascular density (MVD). It outlines advances in CT radiomics for multipar-
ametric feature extraction and machine learning-based skeletal segmentation, and analyzes site-
specific radiomic features across different skeletal regions, including the ribs, sternum, and thoracic
vertebrae. Key imaging biomarkers with clinical relevance are identified, such as the prediction of
cellular infiltration using gray-level co-occurrence matrix (GLCM) features and the correlation be-
tween textural features and bone marrow fibrosis. The review further summarizes translational ap-
plications of this technology in early detection of MM infiltration, quantitative assessment of treat-
ment response, and development of prognostic stratification models. Current challenges, including
optimization of multimodal data fusion algorithms and standardization of region-specific biomarkers,
are discussed alongside future research directions. This review indicates that CT radiomics enables
non-invasive quantitative assessment of bone marrow microenvironment heterogeneity in MM, over-
coming the limitations of conventional bone marrow biopsy. It provides a novel technological frame-
work and scientific basis for precision diagnosis and treatment of MM, while also offering an important
paradigm for tumor ecology research through its insights into the dynamics of myeloma-bone habitat
interactions.
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12. BBEFEMRMERMFRITEPIEAEE

EFER, CT BALHANRBAEGCWRR ARG T A58 . S R A 2Ot eSS, B
A B REPAEEA 5000 2D FRIK 143 (6] 7 S P [6], TR J3E 25 ST BIX sl (1) 2 1] R S HOR BEUS A% T/ B
MO S BIVE 7] B AT RIE R, G K SRR R SR SO W T 7, BT s 1
B BT AR 5 R AR I 2 BRI [8] o AEBOARJR T, 41X AAE MRIJT A SO 4 1 O e B X
e SO AT LA 2 S O TR BE I[9], TR CT BRI P04 IO B B B8 Shtmr f2 4t 1 73k [10].
XL AR A LRI P0G LE Al 1 25 22 S 5 1) 22 ZH0E B i i X
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HREMOAB R BVERT LR A W EGME: ERPERE, EHER T SRS Ay Rt
GENFN, B TR R ORI SR A AR A 6] AR IR T, X R B LR
VPG YRTT SSL AR PR [ L1 RIE ) va T T SRS 1 e [12] . il A 2 (a2 SR IRRFAE, B8 RILIATT
Jen B R R BRI S W PR A S 25 M RTINS SLIR YT RN E AT AR SR i T AW S ki8],
EELMAE BT R B A A B AR S AN R A S R A AR A SR S A BERF AL B T, R RETT R B
MR IRAR, AR IR H A& AN AT iR @AW AR R TS [13] -
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2 RN BB (MM) 2 — iR A0 L R R, R SR A B AE 1 BB (BM) (1 7 W S AR 2R [14]
TR TCRI, 2 Vi BB 0 5 1 BB R 85 2 8] (14 T4 B R) BAH B A 22 R R A ML
AL A P[] o TR 200 PO 08 L T BB SR B IO SRE, 1 P8 TR ) DDA LA P 2 3 8™ A 2
P17, RSPy T e i A A S SO R, T T AR R AR A, AT e
SR ROR R s B AR [0 H BE AR 1 BB 1 E PR T SR N OB I [14] 0 A 5T
20 B DX S AN AR AR R AR, L PP i X s A R i A0 (s R 4R . T A0 B ik LR 4 i) AN IR i i 2
P (o TE) 78 5 R S A ) [15]. WL, EREROASEIFARIB, MR AR WA DO B, AR R
B BB LA T RS ORI, IR LSRR A (B R AN A 8] O B A 22 5 6] A 2m A 4 ) 22 241
ST, B R R S 1k JORE 1R 18] 78 5T 2 o 4H -5 R 4 PR A G B 4 A 2 ) b e (R [16] X4 1]
S5 O Y R R ) B L TR
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BB LS (BMAT) A B B A B2 ) B ALl o s -5 R AN M o IR AR SRS AR ELA R, JX 2
HA LA IR 22 Ak B SR8 B AOm ML AR T B B S WFFE R, R 4 i RE 8 e 70 s s < IR
TR H BRI AINEIEE, AT SO iR S5 AN R Ao SRR 22 10 B A U 40 B A 2
BETAEAFORS, 2R T 1A B B A A0 B Y 5 22 TR R RE RO TR 7 22 R M R B SRS [ 171 Bk, R
I A7 200 -5 B 24T A 2 ) AR LA A MBS 0GB e 20 P e 7 i I P A 1 R, 3
BUB BB ST H = BRIR BT R, AT e e 3t fe [ 18]
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BETMESHTAE, XA RIS efh o T M 55 0 WAL SEBL[20] . ABARAERIE, BRI AR BEAN A X
SRAFAE W R 22 5 TR 2 )0 A 22 5 5 B R 240 L 1) A A X DR 9 [21] - 1 BERE AR Sk B AR i (MAM)
FEHBERA ST 23 M2 FERA, eI DOV ERERARIR I /M5 S, et eieikik, D
TR B G RE A P [13] o XL BRI 1 4L 1A B BE RO I X 2% A VR T 2 R MR BB R BT U E

3.CT IREEBARFEFHR
3.1. ZERUFERIERGIRD/INETIRE)

CT BRI AAE 2 R NE 1 B8 s R B0 0 A mh R A% Co WAL T HL REAE SIS R 1 B A A B 57 o 1 1
LRI . SO TSR AL SRR, JEI AR I LA [ (GLCM) T & A B ) DX SR 1 240 2
A9 T FRM, T /NBAR A 22 RUBERFAEAR HURE NS i B 1 10 L 2R (BMAT) 55 fi e 440 ffy LA 5
BURTOW S 2 [22] 0 A2 B8 R v, SR 3 A A B IR AR B AR (AR AL, SUHLS BT A 24X
AR B R A S 10] 0 ST AR i3 e 0458 = 4R UM 4 A RHE MRS E TF 5, 120 R R A
AR, SEEL O R 4R R O I VR4 23] AL, R CT 45 G TUH 4 R E R B C Ak
ISP D0 B v B AR S B 0 AT [10]

3.2. BRFIREEERIBIPHLIF A

NSRS S BEAE 2 R MR VR B8 20 B b R IR T Mt e o BEATLARAR (RF) B AL IE I 10 ANRSEHRFAE
LT B S R R LR I BIS W, RS SR VR 2R IE 86% [24]. 7EB KE MRIZpH e, 2T TIWIL
T2WI AT 7 401 e 2] 0 T 2L 23 AR W] TR0 v f 0 M i A% 2 e, % 111 A HRCA S k1 43 B Sl 7 A
i AUC 75 0.82 [9]. IR 24> M4 11 MoSaicNet AT AwareNet i i 45 [A] 222041, B7R T 7 SUR B
o [ A AR ER 2R 9% (MGUS) 54112 £ & M1 868 (NDMM ) REAS 18] (1B BB 45 44 25 [ 7] 4 F 3 B 2B B o by
SVETT A B R HUR B(ADC) I S ECER WL 7] 5 1 TSR AL AL, i SR VR T SRS I DR A
WARHE[25]. (EfFERMZ, BT 60 MR M T 1o H 5% CSL IRt B 5B Fl /N LS5 M i, %
HRAE 90 HilH BEJ 8 14 Bk CT ¥l 43 250 1E[26]

4. BRERXEFR YRGB FRE
41. phESEERNERBEFMENESR

2 B ML R E AN R B LR B L 2 PR BB R 2 . I 03, e CT 280
AERBUOY AL« dpdobe” s« dRE” W EPESCR, X5 BB 2 (BMAT) - PRk 25 SR A e 240 i
R AR R[7]. AHECZ N BB AR AR i i 0 AL s o0, LB B L XIS RAALE s 2B
“H PR B PR AL 2, SR T B BRSO R R S R i B Bl & R i [27] [28] . SEARA
ORI AL R SO 2 B (U0 A B 62 R FR0T B EATAR S ) S 2K T B A A2, S il
i FAT S ) A A S N S0 BR A R A 2247 R [9] [10] K22 57 T i S ) B e 5 F I (LR 20
ML AT R, MBS 3 B, e BB 5 5 52 BN 77355 5 A (2 2 A
TREIZMA[29] [30].

4.2. PR RERIFROH B T LRFE

M MEE BERIEAE CT SR A S RO BRI B AL IE. SR EIR, MHEMR TG A 241007
[, B CT I “rhly - 0" i, X558 BRI 70 A A BB S 0l b e 4 i ik Bk AR 2
FEAAFF[31] [32]o /MRS HTHE R, MEMR B3 1/3 XSRS 5 % B B 38 v T R IX k. mIRE Sk 1
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B8 0 L 23 23 18] S5 B R [11] [33] 0 45 B AA R A0, T12-L1 MEAACRE I IX 5 R I ks 1) < B
PR R, H A AL S SO MR B 25 22 5, R XIAT REAAAE R IR V) ML 3 31
FEEY A EE[34] o B R CT 2K R, ME i BE-F 950 (0 R 55 BE Ui 5 5 (MVD) £ 1540
5%, AEANAIHEAR T B s AU A A B2 22 7, X T R B BRI HE AR IR 0 52 ML SR AR 5
U [35] [36] 0 X FEAF AL XS T 5 5 98 M BEIR 118 5 SR AL PRV R AR B BB, ol E MALL
BUTREIX SRt T B AR [37] -

5. WIFER R EYIREY
5.1. EeF 7k B 4t 4 RB R AY 40 B iR A T

IR FLAESEFE(GLCM)PE N &AL CT BURSOERHEM B TR, 762 RV H S8 B B8R VA R I
AR ME . WETTR I, i SR 2 e i RE TP B b (138 ) 2 I 3 P 2 ) S B, X S ol M
GLCM $HUI % b A S HE A e S S0 AT B ARIE[6] - FE A2 TE M A I 255 & & 403 Rl 1 Xk,
GLCM FFEZH0 5 B B8 15 A6 1E S 1 28 40 P12 R P R LR 3 A G M (r = 0.72~0.85) [10] [11]. RS2 H
FRIES A 2P GLCM RFfE, 1] SCELRT B8R AR B A R G, L T v i e AR B0 IE R s
89.3% [38]. fHAHERME, AE SHEMRIAIM GLCM 2822 5 S e 1 B SR 20 M f Jg Joi - ARA o i R
[, X DX S 1 AR AU RS DV Al s A far B A1 137 RELBR [6] [21]

5.2. SURFHES ERETENAEXY

BT A AE i BRSO 358 E A ) OGBS, L RUAR 2 SRR AIE 2 R A g /N I A 48 I 1 v A
BRERE MBS RN, Bt R SR, FEELF4EL X IR CT {E bR % (HUe) 5 1E 5 B B P& K
23%~35%, H 5 RAFLEDIRFEE 2 MK = -0.61) [5] [27]. ZEWIFFRESVTIRIL, H B4 4Eb A4
PURIEE T SR e, TERUAFEYER b THRE” U, P U7 e 1 A8 2 Pk 1 0k 78% [6] adid
BENLARAR SR AP 4B TR, RS T 12 D ORBESUHRFAE(4E run-length non-uniformity F1 gray-
level variance), 7EJHSZIGAERAS A 25 T HIFR(AUC)EF] 0.91 [6] [15]. HFAMEANT &R, 1697 5 5E
CFUEAL I R A BE SO 5T 24 B (0, IX P3N A58 T RE RO VA VR YT RS 3 B AE AR B[ 17] [39]

5.3. CT BFHES IR AR5 I E BRI R X F

Werner %55 Reinert 2543 7l i 2 A S AAZ I0IE 50 B, REHER T CT B iE S 2 R E 8
PR USSP 1) 58 N DK R . Werner S5 I XURE CT ML HR, KWLk CT {65 ADC H 5
W IEA G (p =0.521, P <0.001), 5 T1 MBS 550 E 2 8% fUFH K (p = —0.617, P <0.001), EHEHEH CT
ABL T im0 L A DX S5l 44 i 235 5 184 0 B T Bl e BRAIG, R4 tH T -2 HU R X A0 iE B 5 RS Bl s A 1)
ERBIE. Reinert it —00 CT QUHEFHIE S B BEEAC S5 R E BT, RIUIRAN I L] 5 SO &)
PERE R IEAHR(r=0.49, P <0.0001), 5% R/ 2 %3 MAH(r=-0.54, P <0.0001), MR ZHuESL CT
SRR AR AN S B 1 g 4 L XoF TE 5 S o M i BT B A5 A M AR BRSO CT A8 L EE T
et TR BSOS R —— R S A R R R R 2 R 2 B R T BE O B3 A A B AR
[40] [41].

6. IImFRELF S¥E L5
6.1. RHIRERNOBRE SRR
CT AR B R BB B R R MERFAE, S 4R T 2 R M R P00 B O A e
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WHFRM], TSR R 0 SO T VA B TR AR e AR 2 s UK LB OB BRI I, LUK
PERCH L CT A B4R T2 30%. IG5TIE CT 454 Hanib i BERAREA AR, IRV B kil 211 5%
HIEBERIE LS, NIm RS 7 T SER) RIS W TR [10]. BEAh, B4 MRIJBUR 2H 2R R0 e KU 4
AR R I T A B 82.3%, RE MR TG BN I E[9]

6.2. JATT R T4 A E B WARER L

BIASGAEYAR EYONIETT RS T R E R . BTN, BB R RS AR A XL
B RIRHEIE GRS, 5t siscE B U] T PET/CT i H 3L & $aAHNE AR
PEATEOR, i br A 3R UE (SUV) B 22 (8] 0 AR, ARSI X 23697 R 40 5 4R R 2 2H (P < 0.001) [38]
ATREVER FOESE, B 2w S v R A s 2 038 IEAH G (r = 0.72), RIE NP TR T OB 1 )
SERABF54R[33]. Ga-pentixafor PET/CT iV /R, 677 Jo B R 58 4o k5 i 2 52 S i LA
FE— 21t [42]

6.3. RS EARE A9 S LIS

G AL S B NG S E AR AR &, M TR TR TNA &R o BAE MRI U 4 =2 A Y
FE ARG IE A 587, 0 ey UG 20 3 A% = S B AR BRSO 86.4%, RSN 79.6% [9]. 7K
AL MRI A 3l H A6 2 B S UK R BOR B (ADCYRF L, 55003k i XU 2 35 A< (P = 0.003)
[25]. ZSHRREES B MELT 4EACSCEARFAE . U S o0 A S BRI SE 4R b, AE 3 SR AEA7 SR T o 27 T
F(AUC)IEH] 0.89 [7]. IXLEIGIESS RAUESE T R AR A0 AL TIUS PFAt7 o Al S L FH A7

7. YA SRR E—SESHIEM A NEAR KL

HATRET CT SR B B8 1 B A ST FU T I (14 2 ZEPRARAE T+ A3 e & RS . 231
FeF g riioR, B SR oA S AE B 25 IO A R 0 3 Bt (EBLA 10 RS R AR T i DA 4 Tl
PR AR AN BFTUREY, BB LA 2 75 AN (] 23 18] (o BT B O [6], X EOR A RENS [ I
REBREERIFAS . DhREAREE AN 7 AR AL TR L2 S BORAE B Bl s A K 2= 18] 70 A b SR BLH AL [7], E
Exp CT #2485 PET RUEE Rl & SRR . Rl EME R M2, AFEEBE XIS E S i)
RSB R IEAFAE B35 22 7 [9] [10], XN B BSHCHEN R THIMES. RRFEIT KRG XA EMAEN
IR A%, DAHERR BB BE IO 52 1) B A i AR I R 3] (6]

8. B&ERE
8.1 RARAFHEN IR EISTHZOTTR

KB CT MRHARARRGIR T 2 KM RO H B A B 7 BUERHE, ARy iR at 7
SANKREER: B, AT AREEILAFERE RS M AL 7O BB IR AR A E VPG, BRI
TR A DN AR [9] [10]; HK, EREHLE S > FE MR I DO A A AR SR, RERSHE
Bl DX AN R A AL (Ul 1 45 T HE) B R AR S22 525 s 2 AV o 2L 2 5 AR R AR O i 75 20 A
SE T B BEMIA ST A 18 R A, O MALIR ST SIS E SR TR SRR [6]. ISR BRI TS E M
RIBAR MR IRYE, SCBL 708 BERE RE S R G st Ui [2] [7]

8.2. BN ERRMMEESFENRET

AHE TR EIEAE T30 T B8 5 8 B AR 5 AR s & R 1) TESE T Bl IR T 4 21
(BMAT )it o A i 7 2 P R 8 2 A 50 70 WA R 2R (SASP) Se a3k iy 4 A7 3% A X el R L [4] [17]: 2) KB T
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