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Fig.1 Patient-level cross-scale evidence chain
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Table 2 Regional definition of surgical boudaries and design of a specific fusion algorithm

=3 [H] FA. IG5 7 L7 RS ] S AR I 1A 137
IR sl Al PSR o PSS 7 A B3kt BE

Wi 2% SRR/ P X 14/ MIL H RS WIH MVP R B /UIBR L 5

RN IRIE R B B SR S R K SR VR

21 B 4B 42 20 A 181/ 1 o3 CRED- Wi Gl 45 14 BL o0 )2 5 18

ENTEIRUE Z I 110 57 I P il S S B i} 52 5 ) / )

2.3.2 WBARKH

TR KR By B 22 B Rl 7 N7 457 B8 6 20 5 T AR 2 T TGN T A He S ) A L 2 2R T S PL
il e e L [R] S P A UE IR A . PR T]R H AR T MRIEIR T 25 [ TEH 2% 4 5357 XU Bk 0 B ik i i 3 25, 5%
185 40 R BEBCE Bz = 4k B AG T b R OR T DX g BB A S AR A B AT AT M R AR S
PRZE SR PH B 7R T 30 BLVEAR Y R R S AR A o AR B LI R AT R Y O 1 7E T B AR e —
[] — % th b, A (U B 5 SR A XU A T S A RS A% B 5 EAE ARG NI TE S R VT ER 55
T Re O Z 1] 2 Ak T 38 90 i) ok AR B

il 5 4 KU 25 ) A IR IR 9 1k A7 B T 5 G B 7 e R UIBR 5P Refh 4 o KUK & A2 I /S R &
AT DLAE o IR S0 XA 56 S5 300 B 78 43 DD 83 [i] s X 0 e XL o {42 23 A 40 5553 19 X 3 SR BB i EL SR .l
G R Bl Y 7R G Ak 22 DX SBORE BB 8% A A1 st T DG B o A sl OG B fOP 45 45 0 ) ME R B 5 R S 43 TR 5
W 4 A A I8 R SO X S R GA YT 40 )2 S A ) A A 44U S HL SR
2.4 RRBTETHSE -MEBTAMMNEREANGESEEREIRT

RGURYT T BB AZ O G TR T 7 RO AR B — IR oA 28 A T BE 58 42 20 . AN [ AR A TR I [X
TEIRIT TR 52 30 22 S 1 S 0 5 i 52 1A, 52 A8 S A1 2 B) 5 9N 1) 7 1, o B 48 A4 i 15 Gl A 5 45 A ik
P, 4 2 BRI K Sl R 5 0 2 T A AL A R . 2B AS RG Y  HT (ELTE TR T S0P Ak DA S 1
& T S Uk I B A B A 6 DR B 08 B A SN 2 S e [ AT A | e o 2 22 2 A SAEE X O DR 28 AT AL
I, TR 43 2 5 2 G SR e BRI T S R R B A Y

ZRIS G WL F A ez ] LU 5 HLH 3 2RI . 25 )2 0 S HAE T A £ I AU S it
Z AL BT X . S AR BE 5K b 22 35 S e k)2 905 W X2 G0 25 TR BRT, IFAE A 1) Bl U R 4 A
JC RS2 3 ol AR AR S DX R 4 0 DR 9 8 T R 43 i B B A s ) BT, T R ] — B R R
3 AN — S5 B G, I S ke XU W X AT W s S AL . AR IR T S R, Vanguri %5 R
H B DyAM 4 CT 4% . PD-L1 e 24k U1 7 5 JE PR A R AR 6 & A A, (B 7R 2 B A 38 A X S8 1R 97 I B
T B A 25, R4 AE T B RLAS A A& N I ACHL L, A B T R S AR IR % S 22 TR AR X R — P SR
HFIIE

G2 20T DUSR R SAR AR AL 0 A= W 2 B o o B RE 0 B L P R A0 M 2GR B8 R T 4 I A T
A 5 IRAEAF S IR , DT DX 53 5248 28 Ak v IR 2 B 452 5w S R B fr A2 Ak, WR 6 T RT B Sz IR T AH O
S B ERH EE XT  B R T A A AE WA e L N 3 e, 2 BRI A1 LA L 58 4 % i B
5% A IR A7 00 1 O W A 5, O T K 4% 5 0 B4 X 5, B AR Be 6 . Mao %51V 7 (Science Advanc-
es) b Y 2L g BT A B VA YT DTSR M T 2 S A S A R G0 T B0 o BT A 2R i, ik 22 AR LR
A% AE S B4R T, R E A IR . Guo S5O R A A A TR o T A R T 00 LR S
i BIIR T I B 5 A A AR B TR AN R B A RAE X 5 O AT IS RS HEWT I X



B# FEFHR R RARSHTRS AL T LA 429

HLH] JZ 0 5 B 7 T K A SRR T 52 RUBS: $i8 16 T PRPR AT o 412 5 00 1R UL RE R T 2 e A R
9 DNAAE S i 5055 048 A B B B2 0 o 45 e Dl 2 i A0 i 4 A 25 7 ol O LA 22 5 . RS SR LA
% B8 I 2 A AL Sy i b LG T B — R A R T AR S ) e B A I A X 5, AT
BALH 43 2 10 AR SBATHE R . Wang 2R 3E 19 Deep AFM R 3R T L BEA TR IE 2% > I T 88 36 97 RN 7
I 5 8 A W b 25 e BB AR U0 WD RS O (SCER T BN PR BE L i WT T L 2 R AT AR S 0 R R
15 5538 I A 2 B35 RilG B 52 T, Pathomic fusion 55 AE 22 1 5o i PR -5 2“7 52 B g A6 o O 8 DX 5 G
Oy FREAE AL oy SR SR T O ik 3
2.4.1 W R%E S kit

RGUHIT Gyst i, nl I PR R4 R TREE 0 R 326, 43 RS o 23 18] UL DA 2 22 5 ofe 5 BIL R 20 )=
BT EE o 25 128 DLGRBEIR 7 SO N D 28 0, 5 A B M2 1) 3 AR 5 48 4% F AR i . DyAM 7E R
AN IR A AR S CT  PD-L1 S e AL VI A 52 AR B, /R 1 2B Rl 5 X 9 2 36 I S B T
I 16 2, I B 03t 3l 25 T 0 Ty LR LA S AN () A 285 A A )2 T A BTRK 22 S L 0 S T R R 0 SR SR
PEACE I, DeepAFM [ B 5 M 60 307 SR B , I 38 U8 A IR AL 367 e 5 R bn ik R 3L 1R
TR T L RS A

55 226 LUBT R Bh IR YT 0 B 58 42 SR A O A4 AL SRR S U X S S A AE BB A . Mao %R Y
Z RS A S RS T BN BE 58 A G ik, PR B TR 22 URAE B R A o mTPRAT N A Y ) AR AR 7 1
Guo %5 R Y i1 5 A5 5 R A ) MR — 2B R T B ARAS 2 2) FHT l B IR T R B0 A R AT L A
Z 0] R 5 HA 2 Z SRR R TS %

55 3 2 LAY SR AR YT R B Ry 28 A, 3 22 )X R AE S L AT A R Tin 25T Y 2 U
3 B AL AN [) RBE )RR AE T 5000 0 R AL, R BT A 2 B SR AE S BIL R R AR R AT RO A B4 D5
T A2 AL E 5 23 R B T OT IR R AR
2.4.2 WBRIKAE

ARG TT Wy Be i) Z2 825 A 10 LAGIE 3 6 A B0 D A, S8 B0 25 B  8 AL o) 23 J2= 55 SR 7 9 1
B SRS E LA R T R LR R N (R A T B 4 P 25 L T A T R W A
R E 315 FE 22, 9] a0 Y S 0 A2 00 IX 5 B 45 LA A RORE O 4R L 5 L I A 4 A TR A — B S 2k
M8 AT [ S8 P 85 0B 5 1) R T 5 25 AR A ) A OC 45 R 5 3 AR — EmE, nT 8 A R B A
7 ) R FF o Dy AM 858 48 G 8 16T BN HO0 R R T 22 BRI A G RE Y O X AR GR A T
2% BB RAE
2.5 BERESE:MENAEETFRRR% S =EHTm

U AR 73 2 A6 88 4 3 A T R FH A ALV R A BN Lk T P00 A A7 B2 R R AR T4 B
VIS R BIIR YT SR I S I R AL S )R o RS BORAETE HURE R 1A KU, LA [ 24 X
Wz A | ey Ak | ol ey Fof 2 21 2 4 SCAE X R ] AR AR R CTY o 2SS T 1% 1 A0 B T R XU 2 T Ak
I UEHE AL, B XU 23 J2 D GE T T 00 3 DAy T A2 A ) IR 0 A B, O O S 5 1 BT O £ 8t o LR A L 1
JER

o B DR S AR R B B 1 ST B XU T 07 o A AN (S XL RS (] sl KU, 4, 30 7 45 1
B = Sy AR kb s A S X 32 5, O 4t 5 22 00 O A9 2 AR A5 R UE A S AL TR 2% H o i 2 At ORE
JRUSE N A A G A R B T Al Ohy 2 i) GIEHE B (8 TR S R A S BT LR Py o RA SR 2 B R
e AV IR O 17 JF B 20~ 1 5 B 2 T 0 o A~ 1R 5 1 B 14 s ) v Bl TR Ak R U, L 5 SO .
PR Ao ] — 2% e AR, T g% 0 2R o 88 G R 9 90 0 0T o7 4 I X, Rl R 5 SR 1] T 30 S S )R
R e IR 5 A 5 2 BAE PR A0 sl SR S X WU B AT R R T A2 A A AL SR T AR AUER o Rl i



430 R EBLE Journal of Data Acquisition and Processing Vol. 41, No. 2, 2026

WA 5315 5 AIRAT 1] 85 5% Ak Ry HL A 28 1] 60 B FL I 2 3%, 3 i 5 1 5 5 v oD i R 1 — Bk . G
M5 3RS IE AT AT 8 40 2 o KURS 43 )2 45 SR BE M Bl B AT S HE 22 | A0 455 o M 0 1% 25 ) BR T |7 22 1
MU AL ML e 48 26 A, DA R Z 0 e P e i HLR O 1] o i HE R SRR IR 48 AT B M S — B,
K ASE A i AR (R T BARR YT DR R ] T S 2 BN 5 R SR R R PR 25
2.5.1 T/ » BWyakb Hik Rk

T 53 J22 0 B 1k 22 A0 T 42 il TR B2 43 Ry 3288, 43 ol Ay i Ak KU 7 o7 BIL A R S5 R R I . 5 1
F DL B 5 2 2 Y A LR A G  SRIE AL T R R S SRS RN . U R R S AR A R S
B S SE AR AT 1] 45 5 AR Mk 28 AR 7E TCGA B9 5 5 B 378 W 40 it g K000 I 6 3k L A 77 T
W55 53 90T 55 W 3 45, JF RE 6% i ) OC B8 B IX o 5 o B 40 RR AR 00 BB 5 M R | 3 G s XU, R i A 5 A
HEAE 5 LRI IE G LA 4 B0 5 228 UBS T R 1 N A% SRR AR ] £ S R A 1 38 I A5 AT S B
WG o SurvPGOC R #E NG 58 R 4 808 5 DR T2 S 36 B AL 3 o 2 1 o ) LR G 2 R R A, T A
TCGA s 4 30 Uk FE 3005 F000 B8 77, [a] i 5 41 3 2 07 Pl A0 Ak DA s A R R3S 19 B ik 22 5 0 I AR XF
TARIGE SRR RTE T, Iw RAR B 5 3 7 HLHI T A 508 B AR T8 %, 10t e ] 4 ol XU o 5 il 5 7 >4
8, 3 8 AF H AR X Bk O R BT R S 3 I 1) 2 A A TN R B o o — Bk XU R A
55l 0w A% & P . UMPSNet 4 1 58 — 9 22 88 38502 i A2 A7 I 2%, 1 X6 22 98 A BSc s = 57 55 1l s % ) 70 1%
THRlGHESR TS T A 2 A 1005 2 DURRAE & B 5 A A 000 14 25 L AR 3R T DN BRI A E 1) V2 0 T G RS
U 43 2 B 75 1y 1 DABS T o 4R B9 CA T fusion [a) R 58 B2 12 98 A 17 UK , Tl 4 o BEARAE 5 22 20 2%
AR AR T/ A7 T 2 B, PR B T 001 3 3 ) A 2 4 2 5 0 B 2 ) ) 45 3R AR B T AT AR

LEA KT, R B BUS 20 2 AR RT3 B9 Cindex, 1M 07 &y HH AT 2 67 B XU Sk 8 AT 53 4% 1 45 4
WESE 5 0] T F A AL 2R 2R, A6 PP B () B e DX o0 B R o 55 A 4, LAJE BT 1] I DR 2R 556 1) 9 3 IE
o AR
2.5.2 WHEK#H

Z RSl A R TS 73 2 A E B RS — Eob S XU 2598 48 (I S5 48 5 P 0% XU S BRI
PARSTERS 5 R G U D ) S B0 R G R 22 0 RS AL 43 )2 T RT AT, 5 1) U BRI o 0 R JRUIRS:
BE AT SE TS A% RS A% B B DT AR R N I 43 )2 B AR T AR L O O S 2k T TR
WAL R b
2.6 HEMUBREEMN:BEEILIRENEILE@IEREE

2 IS RS R W DR % b 1) DG B 390 =2 — SR M LA 1 5 I R Y 38 R R R AE A IS, AR
B 25— A o0 B — ) 508 I R B A4 5 B 40 A0 58 U R B 5 A%, A BE LB AL 25 A A £ 2%
FHT IS SR 2L 3 . AlG B A Ry O 38 e T R B Z URESE 55 B, SR 3R A n] 2 0 ) 25 (Al BR T,
o B AL AT A A 0 2R 2L 2R S5 A 5 A0 I Z AR L 2R SRR T T I ML R o A X A H UG R AT
AL, M A AT DA S R 3 T Ry UE A B S I, R AR A A R A IR, I S8 el 0 i AR A A
RIBE N R 22 B R . 2RSS N TR BELR R 4R BB G M I IR (B AN A AE T M e
Ft, AL T BT R T AT 8h A 25 i i DA S P LA R e A
2.6.1 REAHERL ZGMAHE

MR e FE s A L E DB A Y S AR B SCARTE RS, 3 20 5 ) DASS 4 4k o ] R OR 502 B e AR ik
AR T A v S R] A R o B A 5 A R A I O S 2 R A A R A SR AL T A AR A R
ALSE AR S AR 5 O F A A SRR R T B AR LT 0 5 AR R RS KUK o TR Al |, 2 AR IAHE
BT ORI SE 40 KR R AR B RS — SR A R A R n] D IR R AR i A AL R R S
AR o o LA [ A TR o I R A A Y i B o A, HistoGPT 48 AR B I\ 22 5k 42 3



B# FEFHR R RARSHTRS AL T LA 431

o B VAT 5 A B I PR 20 B 4 o AT R AT R O I AR AT T R A 57 8l B E S B O 4 i — X
B g it A W) SRR FE LA 2T 2R Gt rh SR T UE R S B Bl 11 45 AL AR A5 AR

TET [15) 92 988 Fil 51297 L T, S A A A i i BOR T 4 — A IR B AT 2R, A0 2R 4598 L 2 1A IR 3 L 2 41
SFUEYE HLEN IR S S E PR R LU AT R A AL E TAEZ A RHE P B R A .
2.6.2 WBRKAE

MRE AR 45 A BE T, 205 ) A A i 2 JSORE R A58 80 i e 6 D e R T 9 36 7 0, D20 B A A A
HE BT A SR B 210 5 W U R R T 22 BHHE AR 5 — Btk . 45 LR 5 W I Bl i 28 v
TR OIS 24l At B w2 A AR 3 1 nT SR A BN HistoGPT 45 TAE FE/R 1 LA PRI 5 0 H b 19
A il R Y B A8 A 1 e AT RS AR A B N B X O Bl S R AT e B A e A 2% F A
G —AR- ML T 7 k2 2l

3 BES5RE

iR AR g B PR 2 B il TE AR B2 T DB — AR A B A S WY M ) IE B i
AL, HIEHA kPR (6 B Bl G 8 R N 1k A8 T 5 A4 DX BE AR AR, 1000 BE 9% i Al 36 ik | R B
EPRASH o iU ARG, 2 A AR 2 1 A0 s ) B A 2 A S PR R AR RE A8 DU 2 HE L S 58 s Rl
VIGS RAG I I P PR . BT IR AT T T, A i RE 8 e X e PR S AR ) IBORE A R TR 5 T R
K] Bl V5 A 5 IR S R AN I A5 B TR A KB 3 B R R B PO A v R DAL Y 1 RE HE 44 B 1)
e PR 0P e 1o, B 52 7 A0 B B 77 WA S v A4 L BE 7 0 R e B B AR AP B A L RE R AR LSS T R R
Wee AR AN Wt 2 P T T R SR — B

fige TR IBURE i (30K 1A R — AR 127 RGO R 2 — o 22 DX Fe 15 24 8] 4 1) & J £ A+
RGP S RN S mesy 1 R7 e AU AT B A [T ) =R VAN I D F= SN B B N =g TP el [T R I 2
DX IS0 P | = 2 B 5 R B A M P A 45 R A Sl A S 5 AR A O I 1) X Ik 4 E 4 — B
P, I 2 — P X N R R R . Rl A R LR AL W XA 5 2 4 2 U A AR
54, ASE 2R i B A8 15 e Ak ) XU B g AT A g AL SR T Ak R AN SEUE A L DA T A TG B 4F K
F b ORE 5 S s A TR

G 1) T REA 1 A A 23 U 1 2 A5 A B G B B BT R o IMOIREENR T TR R A R L ) I
B, BT AR BRI A 2~ DU AR R RS o AROR A Bl 5 B L N Y R T I AR S i A g A )
FUb Bl 58 AN ] 5 k5 AN [ S X4 52 1o 290 38 3t 57 B A2 R AR, PR 8% M A O R GERE 0 9 — 8 20 . 9L
Ti] TIE 45 5 A A8 A 58 [] — AE 5 DA A B L AN — BB SR L X 73 3 9 A s K i B B0 8 8 AL 5 LS R B
i 22 Ak, I AR B )2 148 7S i 32 5 1) 64 8 A R B, DTG RE I 00 A XU G0 S I — R 2 8 T
BT IR R T R .

SRl AR 5 22 b MR R DR E il S ARG AT AR 5 AT e R o B B R RO AR B R RS
S B A T G AR R v R B P PR RO I R R R LL T 2 R . T IR AL RS A
fith 2 ik g Ak i, 3 ak A R A e B RO B8 I AR E Y TS AR BE T, RSB RO AR v X S SR e A AR
RS ER W MNA TR T2 AN (LEREE B A& 25 P I B AR AR R B, o BRI A
R SRS DT TS RE 4 % B A AN 1R 3Rk 5 AR, S A T TR AR AN R IR R P AR A I

TE 172 e PR 5 Ak, ¢ D 5 1 (o] 38— {3 R SRAT 3 B M0 dh J2 1T e 2 T X 5% R ) 0 S R 22 R IR i
R RIS LA S O P B 5 AN 8 A P Y R I SR P AR A /1 TR 6 I 18 T AR S PN A SRR . A
P22 T LI 58 S AR DX SR G i 5 IR 2% A B AN E P A T S — S AR, ol i RS B
K fh e D SR B ARG o VYU )2 TS B T L R i I PR AT AT Bl i A BB A A i R A R g



432 R EBLE Journal of Data Acquisition and Processing Vol. 41, No. 2, 2026

B, BRE LSS R AL A O3 2 IS O S AT A Z e B e S SR R R . BR
[ 45 1) ) — 4598, iR 22 B RIS YT I T — 20 AN 2 B A2 R 110 0 245 45 44 T DA T8 S 1) L 90 B AR 4
MBI FE 17 AT 6 0E 5 AT A I R R SR S

S E WK
[1] AKHTAR M S, SWAMY M K. Anticancer plants: Clinical trials and nanotechnology[M]. Singapore: Springer Singapore,
2017: 1-3.

(2] HANAHAN D, WEINBERG R A. Hallmarks of cancer: The next generation[J]. Cell, 2011, 144(5): 646-674.

(3] BTEEAT, &, ARUL. MIRIRYT oA RR A I SRIETR T ROR B AR BRI [T]. o AR R 4 2025, 39(1): 24-33.

JTA Qingzhu, JIN Zheng, ZHU Bo. Dilemmas in cancer treatment and exploration of pathways for precision therapy[J]. Bulletin
of National Natural Science Foundation of China, 2025, 39(1): 24-33.

[4] SUN P, BUSH S J, WANG S, et al. STMiner: Gene-centric spatial transcriptomics for deciphering tumor tissues[J]. Cell
Genomics, 2025, 5(2): 100771.

[5] MO CK, LIUJ, CHEN S, et al. Tumour evolution and microenvironment interactions in 2D and 3D space[J]. Nature, 2024,
634(8036): 1178-1186.

(6] v % 565 94 Sl /0N 200 ML S5 0 A R SRR 8 O RIFZE (D] 220 - o [ R 2% e K2 (vl 1R 2 B i A4 BRI 52 ), 2026
SHI Zheng. Study on the radiation-regulated heterogeneity and tumor microenvironment in non-small cell lung cancer[D].
Lanzhou: University of Chinese Academy of Sciences (Institute of Modern Physics, Chinese Academy of Sciences), 2026.

[7] CHENH, LIY, LIH, et al. NBS1 lactylation is required for efficient DNA repair and chemotherapy resistance[J]. Nature,
2024, 631(8021): 663-669.

[8] NICOLAS A M, PESIC M, ENGEL E, et al. Inflammatory fibroblasts mediate resistance to neoadjuvant therapy in rectal
cancer[J]. Cancer Cell, 2022, 40(2): 168-184.

(9] REA, WA A EE BRI HT 1 TR 27 > O ik e 23R [T], R R 2k 4, 2022, 36(2): 225-234.

SONG Guoli, CHEN Jie. A review of deep learning methods for pathology image analysis[J]. Bulletin of National Natural Sci-
ence Foundation of China, 2022, 36(2): 225-234.

[10] L1 Z C, QIN W, LIANG D, et al. Biomedical Al: Evolving from digital to physical and biological intelligence[J]. The
Innovation Informatics, 2025, 1(1): 100010.

[11] HUANG T, XU H, WANG H, et al. Artificial intelligence for medicine: Progress, challenges, and perspectives[J]. The
Innovation Medicine, 2023, 1(2): 100030.

[12] ARDILA D, KIRALY A P, BHARADWAIJ S, et al. End-to-end lung cancer screening with three-dimensional deep learning
on low-dose chest computed tomography[J]. Nature Medicine, 2019, 25(6): 954-961.

[13] MCKINNEY S M, SIENIEK M, GODBOLE V, et al. International evaluation of an Al system for breast cancer screening[J].
Nature, 2020, 577(7788): 89-94.

[14] LITJENS G, KOOI T, BEJNORDI B E, et al. A survey on deep learning in medical image analysis[J]. Medical Image
Analysis, 2017, 42: 60-88.

[15] ZHANG Z, WANG Z, LI R, et al. Machine learning model on multi-omics data enables risk stratification and identifies
molecular heterogeneity and therapeutic targets in glioblastomalJ]. Molecular Cancer, 2026. https://doi.org/10.1186/s12943-
026-02637-2.

[16] LAIQ, VONG C M, CHEN C. Weakly supervised semantic segmentation via dual-stream contrastive learning of cross-image
contextual information[J]. IEEE Transactions on Industrial Informatics, 2024, 20(10): 11635-11643.

(17] #Ae . Je T 52 AR 4 2 FURE (R 20 2% 0 AR /N0 i It e v 9 7 o i 9 (D . &b g R, 2025.

YANG Nong. Prediction of therapeutic efficacy in non-small cell lung cancer treatment based on radiomics and genomics[D].
Changsha: Central South University, 2025.
(18] HXE . #ni:Z BRI 5T B9 B G Mrag i BT ZE (D] b at: Jb st g K%, 2026.

BAI Yu. Research on pathology image analysis algorithms under annotation-limited scenarios[D]. Beijing: Beijing University of



B# FEFHR R RARSHTRS AL T LA 433

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]
[41]

Posts and Telecommunications, 2026.

GARG V, AGARWAL A, SACHDEVA K, et al. Comparison of intra- and interobserver reliability analysis of orientation
proximal femur physis parameters on radiographs[J]. Journal of Clinical Orthopaedics and Trauma, 2025, 68: 103093.

WANG X, WANG Z, WANG W, et al. IDH-mutant glioma risk stratification via whole slide images: Identifying pathological
feature associations[J]. iScience, 2025, 28(1): 111605.

SR T AT B RE R 9T 4 D G BEEOR B SE[D ], Jb 5t b nt i L R A, 2026.

ZHANG Binyu. Research on key technologies of intelligent medical assistance for cancer[D]. Beijing: Beijing University of
Posts and Telecommunications, 2026.

WANG D, LIU B, ZHANG Z. Accelerating the understanding of cancer biology through the lens of genomics[J]. Cell, 2023,
186(8): 1755-1771.

TIAN R, HOU F, ZHANG H, et al. Multimodal fusion model for prognostic prediction and radiotherapy response assessment
in head and neck squamous cell carcinomal[J]. npj Digital Medicine, 2025, 8(1): 302.

SIAM A, ALSAIFY A R, MOHAMMAD B, et al. Multimodal deep learning for liver cancer applications: A scoping review
[J]. Frontiers in Artificial Intelligence, 2023, 6: 1247195.

KEYL J, KEYL P, MONTAVON G, et al. Decoding pan-cancer treatment outcomes using multimodal real-world data and
explainable artificial intelligence[J]. Nature Cancer, 2025, 6(2): 307-322.

ZHAO Y, LI L, YU X, et al. SurvGraph: A hybrid-graph attention network for survival prediction using whole slide
pathological images in gastric cancer[J]. Neural Networks, 2025, 189: 107607.

TANG Z, L1J, CHENG J, et al. Pre-operative overall survival prediction of diffuse glioma enhanced by longitudinal data[J].
IEEE Journal of Biomedical and Health Informatics, 2025, 29(7): 5158-5167.

WANG W, ZHAO Y, TENG L, et al. Neuropathologist-level integrated classification of adult-type diffuse gliomas using deep
learning from whole-slide pathological images[J]. Nature Communications, 2023, 14(1): 6359.

DUAN J, ZHAO Y, SUN Q, et al. Imaging-proteomic analysis for prediction of neoadjuvant chemotherapy responses in
patients with breast cancer[J]. Cancer Medicine, 2023, 12(23): 21256-21269.

DOAN L M T, SHAHHOSSEINI K, VERMA S, et al. Bridging modalities with AI: A review of Al advances in multimodal
biomedical imaging[J]. Communications Engineering, 2026, 5(1): 30.

TRUHN D, ECKARDT J N, FERBER D, et al. Large language models and multimodal foundation models for precision
oncology[J]. npj Precision Oncology, 2024, 8(1): 72.

DELLAMONICA D, RUAU D, GRIFFITHS B, et al. The AI revolution: How multimodal intelligence will reshape the
oncology ecosystem[J]. npj Artificial Intelligence, 2025, 1(1): 40.

BOEHM K M, KHOSRAVI P, VANGURI R, et al. Harnessing multimodal data integration to advance precision oncology
[J]. Nature Reviews Cancer, 2022, 22(2): 114-126.

STEYAERT S, PIZURICA M, NAGARAIJ D, et al. Multimodal data fusion for cancer biomarker discovery with deep
learning[J]. Nature Machine Intelligence, 2023, 5(4): 351-362.

FR DAMREZE, HERRUCEE, AW, 5. OC T B R M b AT 3h——i Ak By 16 47 3 S5 it 7 48 (2023—2030 4F) i i
FI[EB/OL]. (2023-10-30)[2026-02-18]. https://www.gov.cn/zhengce/zhengceku/202311/content_6915380.htm.

55 Be I AT . 155 Be I 28 T 26 T B0 R < 0 L T R i R R Sl 1 38 6 [EB/OL L. (2022-04-27)[2026-02-18]. https://www.
gov.cn/zhengce/content/2022-05/20/content_5691424 htm.

XU X, LIJ, ZHU Z, et al. A comprehensive review on synergy of multi-modal data and AT technologies in medical diagnosis
[J]. Bioengineering, 2024, 11(3): 219.

KATTI G, ARA S A, SHIREEN A. Magnetic resonance imaging (MRI)—A review[J]. International Journal of Dental
Clinics, 2011, 3(1): 65-70.

AR AL FETGRIEL 2 2 5 Z 75 )2 >) 7 BRIEHR A0 U D] s i T RHEOR %, 2022,

FU Ling’ ao. Recognition of cell in pathological image based on deep learning and MIL[D]. Chengdu: University of Electronic
Science and Technology of China, 2022.

AMETAIJ B N. Periparturient diseases of dairy cows[M]. Cham: Springer International Publishing, 2017: 1-6.
CHAKRABORTY S, HOSEN MD I, AHMED M, et al. Onco-multi-OMICS approach: A new frontier in cancer research[J].



434 R EBLE Journal of Data Acquisition and Processing Vol. 41, No. 2, 2026

[42]

[43]

(44]

[45]

[46]

[47]

(48]

[49]

[52]

[53]

[54]

[55]

[56]

(57]

(58]

[59]

[60]

[61]

[62]

BioMed Research International, 2018, 2018: 1-14.

ZECH J R, BADGELEY M A, LIU M, et al. Variable generalization performance of a deep learning model to detect
pneumonia in chest radiographs: A cross-sectional study[J]. PLOS Medicine, 2018, 15(11): €e1002683.

ZHANG M, BAO Y, RUI W, et al. Performance of 18F-FDG PET/CT radiomics for predicting EGFR mutation status in
patients with non-small cell lung cancer[J]. Frontiers in Oncology, 2020, 10: 568857.

BIW L, HOSNY A, SCHABATH M B, et al. Artificial intelligence in cancer imaging: Clinical challenges and applications[J].
CA: A Cancer Journal for Clinicians, 2019, 69(2): 127-157.

WANG J W, MENG M, DATM W, et al. Correlation does not equal causation: The imperative of causal inference in machine
learning models for immunotherapy[J]. Frontiers in Immunology, 2025, 16: 1630781.

KARAMBELKAR V, BORKAR P, PAUL A, et al. Al-assisted robotic systems for brain tumor biopsy procedures[C]//
Proceedings of 2025 International Conference on Next Generation of Green Information and Emerging Technologies (GIET).
Gunupur, India: IEEE, 2025: 1-5.

XIANG J, WANG X, ZHANG X, et al. A vision-language foundation model for precision oncology[J]. Nature, 2025, 638
(8051): 769-778.

SUJIT S J, AMINU M, KARPINETS T V, et al. Enhancing NSCLC recurrence prediction with PET/CT habitat imaging,
ctDNA, and integrative radiogenomics-blood insights[J]. Nature Communications, 2024, 15(1): 3152.

SHANG Y, ZENG Y, LUO S, et al. Habitat imaging with tumoral and peritumoral radiomics for prediction of lung
adenocarcinoma invasiveness on preoperative chest CT: A multicenter study[J]. American Journal of Roentgenology, 2024, 223
(4): €2431675.

MARRA A, MORGANTI S, PAREJA F, et al. Artificial intelligence entering the pathology arena in oncology: Current
applications and future perspectives[J]. Annals of Oncology, 2025, 36(7): 712-725.

CEN X, ZOU J, TONG Y, et al. Redefining imaging genomics for the next decade[J]. Science Bulletin, 2025, 70(22): 3720~
3723.

GUO Y, LIT, GONG B, et al. From images to genes: Radiogenomics based on artificial intelligence to achieve non-invasive
precision medicine in cancer patients[J]. Advanced Science, 2025, 12(2): 2408069.

MA J W, JIANG X, WANG Y M, et al. Dual-energy CT-based radiomics in predicting EGFR mutation status non-invasively
in lung adenocarcinomalJ]. Heliyon, 2024, 10(2): e24372.

PADMAIJA C, RAMACHARAN S, BALA KRISHNAN S, et al. Breast cancer diagnostics: Integrating deep learning and
radiogenomics[CJ//Proceedings of 2025 Third International Conference on Networks, Multimedia and Information Technology
(NMITCON). Bengaluru, India: IEEE, 2025: 1-5.

ABDELAZIZN M, DAWOOD E A A, TANTAWY A A. Integrating deep learning and radiogenomics: A novel approach to
glioblastoma segmentation and MGM T methylation prediction[J]. Journal of Imaging, 2025, 11(11): 403.

YAN J, ZHAO Y, CHEN Y, et al. Deep learning features from diffusion tensor imaging improve glioma stratification and
identify risk groups with distinct molecular pathway activities[J]. eBioMedicine, 2021, 72: 103583.

SUN Q, CHEN Y, LIANG C, et al. Biologic pathways underlying prognostic radiomics phenotypes from paired MRI and
RNA sequencing in glioblastomalJ]. Radiology, 2021, 301(3): 654-663.

WANG J, DAIJ, CHENG Y, et al. Advances in the use of radiomics and pathomics for predicting the efficacy of neoadjuvant
therapy in tumors[J]. Translational Oncology, 2025, 58: 102435.

ZHAO Y, LIU F, ZHU C, et al. Integrating radiology and histology via co-attention deep learning for predicting progression-
free survival in patients with metastatic prostate cancer[J]. Chinese Medical Journal, 2025, 138(22): 3013-3015.

LIN H, HUA J, GONG Z, et al. Multimodal radiopathological integration for prognosis and prediction of adjuvant
chemotherapy benefit in resectable lung adenocarcinoma: A multicentre study[J]. Cancer Letters, 2025, 616: 217557.

XIE Q, ZHAO Z, YANG Y, et al. A clinical-radiomic-pathomic model for prognosis prediction in patients with hepatocellular
carcinoma after radical resection[J]. Cancer Medicine, 2024, 13(11): e7374.

MAO H M, ZHANG JJ, ZHU B, et al. A novel deep learning radiopathomics model for predicting carcinogenesis promotor
cyclooxygenase-2 expression in common bile duct in children with pancreaticobiliary maljunction: A multicenter study[J].

Insights into Imaging, 2025, 16(1): 74.



B# FEFHR R RARSHTRS AL T LA 435

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

SR, ALK, XU, A5 A e T PR GOR R D 4 2 22 RS AR AR A N (7). AE AR B TR 2 2 L (H SR A, 2025,
51(4): 505-513.

ZHANG Xueqin, LI Yuexin, LIU Chang, et al. Cancer survival prediction by integrating multimodal pathological images and
genomics[J]. Journal of East China University of Science and Technology, 2025, 51(4): 505-513.

ZHANG Z, ZHAO Y, DUAN J, et al. Drop and align: Fusing pathology and genomics via graph learning for cancer survival
prediction[C]//Proceedings of 2025 IEEE 22nd International Symposium on Biomedical Imaging (ISBI). Houston, USA:
IEEE, 2025: 1-5.

CHENRIJ, LUM Y, WENG W H, et al. Multimodal co-attention transformer for survival prediction in gigapixel whole slide
images[C]//Proceedings of 2021 IEEE/CVF International Conference on Computer Vision (ICCV). Montreal, Canada: IEEE,
2021: 3995-4005.

YAN R, ZHANG X, JIANG Z, et al. Pathway-aware multimodal transformer (PAMT): Integrating pathological image and
gene expression for interpretable cancer survival analysis[J]. IEEE Transactions on Pattern Analysis and Machine Intelligence,
2026, 48(1): 896-913.

WAQAS A, TRIPATHI A, RAMACHANDRAN R P, et al. Multimodal data integration for oncology in the era of deep
neural networks: A review[J]. Frontiers in Artificial Intelligence, 2024, 7: 1408843.

MTOOR S, RASHIDIAN N, MESSAOUDI N, et al. Integrating genomics, radiomics, and pathomics in oncology: A
scoping review and a framework for Al-enabled surgomics[J]. Bioengineering, 2026, 13(1): 117.

LIU Z, WU Y, XU H, et al. Multimodal fusion of radio-pathology and proteogenomics identify integrated glioma subtypes
with prognostic and therapeutic opportunities[J]. Nature Communications, 2025, 16(1): 3510.

BRAMAN N, GORDON J W H, GOOSSENS E T, et al. Deep orthogonal fusion: Multimodal prognostic biomarker
discovery integrating radiology, pathology, genomic, and clinical data[C]//Proceedings of International Conference on Medical
Image Computing and Computer-Assisted Intervention. Cham: Springer International Publishing, 2021: 667-677.

LIU J, CEN X, YIC, et al. Challenges in Al-driven biomedical multimodal data fusion and analysis[J]. Genomics, Proteomics
&. Bioinformatics, 2025, 23(1): qzaf0O11.

CHAABENE S, BOUDAYA A, BOUAZIZ B, et al. An overview of methods and techniques in multimodal data fusion with
application to healthcare[J]. International Journal of Data Science and Analytics, 2025, 20(4): 3093-3117.

ZHONG Z, SCHNEIDER D, VOIT M, et al. Anticipative feature fusion transformer for multi-modal action anticipation[C]//
Proceedings of 2023 IEEE/CVF Winter Conference on Applications of Computer Vision (WACV). Waikoloa, USA: IEEE,
2023: 6057-6066.

ATTALLAH O, ANWAR F, GHANEM N M, et al. Histo-CADx: Duo cascaded fusion stages for breast cancer diagnosis
from histopathological images[J]. Peer] Computer Science, 2021, 7: e493.

SCHULTE-SASSE R, BUDACH S, HNISZ D, et al. Integration of multiomics data with graph convolutional networks to
identify new cancer genes and their associated molecular mechanisms[J]. Nature Machine Intelligence, 2021, 3(6): 513-526.
KHORASANI A, DEMAZURE T. Cross-temporal attention fusion (CTAF) for multimodal physiological signals in self-
supervised learning[EB/OL]. (2026-02-02). https://doi.org/10.48550/arXiv. 2602.02784.

TEREME, EIRM, FIRTIE, 45 ZRSBURAG 2R D] TH RN TR SR, 2021, 57(18): 49-64.

REN Zeyu, WANG Zhenchao, KE Zunwang, et al. Survey of multimodal data fusion[J]. Computer Engineering and Applica-
tions, 2021, 57(18): 49-64.

TORTORA M, CORDELLI E, SICILIA R, et al. RadioPathomics: Multimodal learning in non-small cell lung cancer for
adaptive radiotherapy[J]. IEEE Access, 2023, 11: 47563-47578.

HASSAN M, ALI S, ALQUHAYZ H, et al. Developing liver cancer drug response prediction system using late fusion of
reduced deep features[J]. Journal of King Saud University—Computer and Information Sciences, 2022, 34(10): 8122-8135.
TRIPATHI P C, BAG S. A computer-aided grading of glioma tumor using deep residual networks fusion[J]. Computer
Methods and Programs in Biomedicine, 2022, 215: 106597.

CUIC, YANG H, WANG Y, et al. Deep multimodal fusion of image and non-image data in disease diagnosis and prognosis:
A review[J]. Progress in Biomedical Engineering, 2023, 5(2): 022001.

STAHLSCHMIDT S R, ULFENBORG B, SYNNERGREN J. Multimodal deep learning for biomedical data fusion: A



436 R EBLE Journal of Data Acquisition and Processing Vol. 41, No. 2, 2026

[83]

[84]

(85]

(86]

(87]

(88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

review[J]. Briefings in Bioinformatics, 2022, 23(2): bbab569.

GUARRASI V, AKSU F, CARUSO C M, et al. A systematic review of intermediate fusion in multimodal deep learning for
biomedical applications[J]. Image and Vision Computing, 2025, 158: 105509.

NAGRANI A, YANG S, ARNAB A, et al. Attention bottlenecks for multimodal fusion[EB/OL]. (2022-11-30). https://doi.
org/10.48550/arXiv. 2107. 00135.

CIERNIK L, MORIK M, THEDE L, et al. Beyond the final layer: Attentive multilayer fusion for vision transformers[EB/
OL]. (2026-01-14). https://doi.org/10.48550/arXiv. 2026. 09322.

ZHAO M, HU W, WANG 7, et al. Making every head count: Sparse attention without the speed-performance trade-off[EB/
OL]J. (2025-11-27). https://doi.org/10.48550/arXiv. 2511. 09596.

LI L, FAN C, ZHANG H, et al. MHANet: Multi-scale hybrid attention network for auditory attention detection[EB/OL].
(2025-05-21). https://doi.org/10.48550/arXiv. 2505.15364.

JHA N K, REAGEN B. Regularizing the entropy landscape of self-attention: Towards a soft inductive bias in LLMs[C]//
Proceedings of OPT 2025: Optimization for Machine Learning. [S.1.]: [s.n.], 2025.

VELICKOVIC P, CUCURULL G, CASANOVA A, et al. Graph attention networks[EB/OL]. (2018-02-04). https://doi.
org/10.48550/arXiv. 1710. 10903.

SUN C, LI C, LIN X, et al. Attention-based graph neural networks: A survey[J]. Artificial Intelligence Review, 2023, 56
(S2): 2263-2310.

CHEN J, QIAO Z, ZHANG Q, et al. G-merging: Graph model merging for parameter-efficient multi-task knowledge
consolidation[C]//Proceedings of the Fourteenth International Conference on Learning Representations. [S.1.]: [s.n.], 2026.

WU G, LIU H, FU H, et al. Every SAM drop counts: Embracing semantic priors for multi-modality image fusion and beyond
[C]//Proceedings of the Computer Vision and Pattern Recognition Conference. Piscataway, NJ, USA: IEEE, 2025: 17882~
17891.

ZHANG Z, ZHAO Y, DUAN J, et al. Pathology-genomic fusion via biologically informed cross-modality graph learning for
survival analysis[EB/OL]. (2024-04-11). https://arXiv.org/pdf/2404.08023.

SUN W, ZHANG P, XU J, et al. Bridging attention fusion-based multi-view graph neural networks for spatial gene expression
prediction[J]. Pattern Recognition, 2026, 171: 112207.

LUO B, TENG F, TANG G, et al. StereoMM: A graph fusion model for integrating spatial transcriptomic data and
pathological images[J]. Briefings in Bioinformatics, 2025, 26(3): bbaf210.

GERLINGER M, ROWAN A J, HORSWELL S, et al. Intratumor heterogeneity and branched evolution revealed by
multiregion sequencing[J]. New England Journal of Medicine, 2012, 366(10): 883-892.

ZWANENBURG A, VALLIERES M, ABDALAH M A, et al. The image biomarker standardization initiative: Standardized
quantitative radiomics for high-throughput image-based phenotyping[J]. Radiology, 2020, 295(2): 328-338.

DAGOGO-JACK I, SHAW A T. Tumour heterogeneity and resistance to cancer therapies[J]. Nature Reviews Clinical
Oncology, 2018, 15(2): 81-94.

VANGURI R S, LUO J, AUKERMAN A T, et al. Multimodal integration of radiology, pathology and genomics for
prediction of response to PD-(L)1 blockade in patients with non-small cell lung cancer[J]. Nature Cancer, 2022, 3(10): 1151~
1164.

[100J CHEN R J, LU M Y, WANG J, et al. Pathomic fusion: An integrated framework for fusing histopathology and genomic

features for cancer diagnosis and prognosis[J]. IEEE Transactions on Medical Imaging, 2022, 41(4): 757-770.

[101] GAO Y, VENTURA-DIAZ S, WANG X, et al. An explainable longitudinal multi-modal fusion model for predicting

neoadjuvant therapy response in women with breast cancer[J]. Nature Communications, 2024, 15(1): 9613.

[102] MENDES SERRAO E, KLUG M, MOLONEY B M, et al. Current status of cancer genomics and imaging phenotypes: What

radiologists need to know[J]. Radiology: Imaging Cancer, 2023, 5(6): ¢220153.

[103] MORENO S, BONFANTE M, ZUREK E, et al. A radiogenomics ensemble to predict EGFR and KRAS mutations in

NSCLC[J]. Tomography, 2021, 7(2): 154-168.

[104] HOIVIK E A, HODNELAND E, DYBVIK J A, et al. A radiogenomics application for prognostic profiling of endometrial

cancer[J]. Communications Biology, 2021, 4(1): 1363.



B# FEFHR R RARSHTRS AL T LA 437

[105] ZHANG X, LAIQ, CAO J, et al. Radiogenomics: Current understandings and future perspectives[J]. MedComm, 2026, 7(2):
€70583.

[106] STUMMER W, PICHLMEIER U, MEINEL T, et al. Fluorescence-guided surgery with 5-aminolevulinic acid for resection
of malignant glioma: A randomised controlled multicentre phase Il trial[J]. The Lancet Oncology, 2006, 7(5): 392-401.

[107] SENFT C, BINK A, FRANZ K, et al. Intraoperative MRI guidance and extent of resection in glioma surgery: A randomised,
controlled trial[J]. The Lancet Oncology, 2011, 12(11): 997-1003.

[108] L1 L, SHIRADKAR R, GOTTLIEB N, et al. Multi-scale statistical deformation based co-registration of prostate MRI and
post-surgical whole mount histopathology[J]. Medical Physics, 2024, 51(4): 2549-2562.

[109] PRIESTER A, FAN R E, SHUBERT J, et al. Prediction and mapping of intraprostatic tumor extent with artificial intelligence
[J]. European Urology Open Science, 2023, 54: 20-27.

[110] VELUPONNAR D, DE BOER L L, GELDOF F, et al. Toward intraoperative margin assessment using a deep learning-
based approach for automatic tumor segmentation in breast lumpectomy ultrasound images[J]. Cancers, 2023, 15(6): 1652.

[111] MAO N, DATY, ZHOU H, et al. A multimodal and fully automated system for prediction of pathological complete response
to neoadjuvant chemotherapy in breast cancer[J]. Science Advances, 2025(18): eadr1576.

[112] GUO J, CHEN B, CAO H, et al. Cross-modal deep learning model for predicting pathologic complete response to neoadjuvant
chemotherapy in breast cancer[J]. npj Precision Oncology, 2024, 8(1): 189.

[113] WANG Z, LIU X, HAN K, et al. Multimodal deep learning for immunotherapy response prediction and biomarker discovery
in non-small cell lung cancer[J]. Journal of the American Medical Informatics Association, 2025, 32(11): 1641-1653.

[114] JIN Y, ARIMURA H, IWASAKI T, et al. Multiscale fusion models with genomic, topological, and pathomic features to
predict response to radiation therapy for non-small cell lung cancer patients[J]. Laboratory Investigation, 2025, 105(10): 104204.

[115] HOU J, ZHANG R, XIE Y, et al. Multimodal deep learning for cancer prognosis prediction with clinical information prompts
integration[J]. npj Digital Medicine, 2025, 9(1): 76.

[116] ZHANG B, LI S, JIAN J, et al. From single-cancer to pan-cancer prognosis[J]. The American Journal of Pathology, 2025,
195(10): 1869-1884.

[117JHU Y, LI X, YI Y, et al. Deep learning-driven survival prediction in pan-cancer studies by integrating multimodal histology-
genomic data[J]. Briefings in Bioinformatics, 2025, 26(2): bbaf121.

[118] VICKERS A J, ELKIN E B. Decision curve analysis: A novel method for evaluating prediction models[J]. Medical Decision
Making, 2006, 26(6): 565-574.

[119] ACOSTA J N, FALCONE G J, RAJPURKAR P, et al. Multimodal biomedical AI[J]. Nature Medicine, 2022, 28(9): 1773~
1784.

[120] TRAN M, SCHMIDLE P, GUO R R, et al. Generating dermatopathology reports from gigapixel whole slide images with
HistoGPT[J]. Nature Communications, 2025, 16(1): 4886.

fE&E ' 9T

B &R0 (1991-) , 4, ®IWF 5T
AR e [ 1
) B2 N T4 g, E-mail:

jx.duan@siat.ac.cn.

B R (1988-), B, BT
B e o ol O 1 T
e PR N TR

BEREEE (20000), 5, #F ¢
S B AFGEDT  : BEEEA
T4 6E.

RH(1977-) B W55,
T A RO I T s AR
W1 2 AR B 2 SURFSE

Mg (1977-), 5, EE
SFBEBE R A, R
UL W T I PR AR
AR R 5 it BB Y ik & T
K AR R S RS

ERA(1982-)  BIEIEE,
B WG OY, A
WEFE Iy« BE2E N TR RE

E-mail: zc.li@siat.ac.cn.

(% #. TH#)



438 R EBLE Journal of Data Acquisition and Processing Vol. 41, No. 2, 2026

Medical Imaging-Pathology-Genomic Fusion and Its Applications in Clinical

Diagnosis and Treatment

DUAN Jingxian', ZHAO Yuanshen', KANG Liangyuqi', LIANG Dong'?, ZHENG Hairong*?,
LI Zhicheng"*

(1. Institute of Biomedical and Health Engineering, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences,
Shenzhen 518055, China; 2. State Key Laboratory of Medical Imaging Science and Technology Systems, Shenzhen 518055, China;
3. Institute of Brain Machine Interface, Nanjing University, Nanjing 210023, China)

Abstract: Medical imaging, pathology, and genomics respectively provide information on tumor spatial-
morphological phenotypes, histopathological architecture, and molecular mechanisms. Single-modal
approaches are constrained by scale discrepancies, sampling biases, and cross-center domain shifts,
limiting their support for clinical decision-making. For precision oncology, imaging-pathology-genomics
integration aims at semantical alignment and consistency validation among macroscopic imaging,
microscopic histological, and mechanistic molecular evidence. This review systematically examines the
field via fusion methodologies and clinical applications. We discuss the clinical advantages of multimodal
integration, summarize key fusion paradigms, and emphasize its clinical necessity. In applications,
focusing on completing the clinical evidence chain, we summarize its advantages in differential diagnosis,
molecular subtyping, surgical planning, treatment response stratification, and systematic decision output,
highlighting how integration turns predictive results into verifiable, actionable clinical decisions via cross-
modal validation. Finally, we discuss emerging trends: spatial omics with multi-region sampling,
longitudinal tumor evolution modeling, multimodal foundation models, and multi-center collaborative
validation. We propose clinical translation recommendations and a utility evaluation system, offering a
roadmap for next-generation intelligent multimodal systems in precision oncology.

Highlights

1. Imaging-pathology-genomics integration completes the clinical evidence chain by fusing macroscopic,
microscopic, and molecular evidence. It transforms fragmented observations into cohesive tumor biology
understanding and enables verifiable, actionable decisions, beyond simple feature aggregation.

2. Fusion paradigms integrate into oncology workflows: differential diagnosis, molecular subtyping,
surgical planning, treatment response stratification, and standardized reporting integrating multimodal
predictions into decisions.

3. Emerging advances shape next-generation systems: spatial omics with multiregion sampling,
longitudinal modeling, multimodal foundation models, and multi-center validation. Combined with
translation guidelines and evaluation systems, they provide a deployment roadmap.
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