FREF 2026 5% 55 %% 48 Chongging Med J,2026,Vol. 55,No. 4 905

s
. éa‘: JZ'S * doi:10. 3969/j. issn. 1671-8348. 2026. 04. 031
MK E % https://link. cnki. net/urlid/50. 1097. R. 20251230. 1324. 002(2025-12-30)

= [d] i’éiéﬁ%‘-'—ﬁﬁﬁ%ﬁﬁ%‘-ﬁ‘]%%%)ﬁﬁﬁﬁﬁ&
BT X AR R

syt kM yt AEBRY
(EARFWBER 1. 25 BA;2. B4, T4EF 133000)

[ﬁ%]m%%ﬁéiﬁiﬁfﬁﬁ%fkﬂﬁﬁﬁﬁﬁi*oL#%&%ém%%ﬁ#&ﬁ%ﬁ#
G A BB AT A AR LA A FREGARRZHEBR, TRAEFAFEALIH AR THA/ALETHAR
fxg‘tal\_ﬂ’j‘ﬁn,ffl&{b\f}‘] EREGIBEE TR AR R X O ERMS, Em kAT TR
FREHETALH AERA THREIMNBEILA FETR LELEGFRERGEMREPIZTHERMER, Mk
HUEFAKRSBESY R FIHAELAU S ARAKENEES, AL BB AR FRE AN K TR LG T A,
HMRMREFIERGT H B REAREF IR ZRHEFTAFTHERS, B A s LB 2 R R 5%, T
KSR AR RAAERKS, BERFEEBRALIERGEO DT S8 M A B P INBE #6938 77 7)
TEBAGT X, RAAFREBORNFATRA BN EFTARNGGE, ZXEETHEMNE A HERXAFFRHA
I RN B R ATIR A R AL R B R AT R AT BRI EE, BB AT E
MBRBEAE

(@A) MBFRE TR RASF AT A FEEEAREST

[(hEESZES] R730.55 [XatFriREE] A [XEEHS] 1671-8348(2026)04-0905-06

Advances in spatial transcriptomics and radiomics for analyzing tumor

heterogeneity and optimizing radiotherapy target delineation”
BAO Zherui' ,ZHANG Songnan® ,PIAO Zhengri'"
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Yanbian University ,Yanji,Jilin 133000,China)

[Abstract] Tumor heterogencity is one of the significant reasons for radiotherapy resistance and treat-
ment failure. In recent years,with the integration of spatial transcriptomics and radiomics, the understanding
that the tumor microenvironment exhibits spatiotemporal heterogeneity has gradually taken shape. By stud-
ying gene expression profiles at different spatial locations, spatial transcriptomics can identify distinct tumor
cell subtypes,tissue modules,and the interaction networks between these modules. This indicates that the di-
rect cause determining the dynamic changes of heterogeneity may be the combined effect of the inherent spa-
tial heterogeneity of tumor cells and signals from the adjacent microenvironment. Radiomics is a tool that
combines multi-modal imaging feature parameters with genomic data to quantitatively characterize tumor phe-
notypic heterogeneity and predict radiotherapy sensitivity. Methods employing deep learning frameworks in-
tegrate spatial transcriptomics data that also contain radiomic features. Based on this integration, tumor subre-
gion segmentation is performed,guiding radiotherapy target delineation and adaptive radiotherapy. Through a
comprehensive analysis platform incorporating digital twins and artificial intelligence, the appropriate radio-
therapy dose sculpting approach can be captured from a global perspective, enhancing local tumor control
while minimizing damage to normal tissues as much as possible. This article summarizes the current combined
application of spatial transcriptomics and radiomics in explaining tumor heterogeneity and proposes a transla-
tional approach for its application in radiotherapy target optimization, providing references for achieving preci-
sion radiotherapy for patients.
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zation;deep learning

E4TH.Bx AR 4H82460527), ©  EE1E#H . E-mail: piaozri_ 79@163. com,



906 FTRES 2026 5% 55 6% 4 49

Chongqing Med J,2026, Vol. 55,No. 4

i 968 S BT 2 A b 9 P AN T 0 A A s A
Y 2R R 3t % A B AR U R 4 T T A TE W W 22
S KB 2 S 0 R Y KA R R B IR T 7 AR A T
SR g S R AR I R RN 5R97
BT BT B K T B BUR AR OC™ . Wi 2 45 ) S el
7 FIRIC S 2 2 E 5 R R T AR e e S I 9 O A
2T EEMEA

185 By 23 (8] e s 2 " R B I R A 2 5 2 4L 25
B o PR BR 221 = (8] 5 48 T Jig vy 3l 5 6 PR e Gk
IZBAR AT LIOKS W 7 AL i 988 S0 BR 55 b AN [) 40 i 2 A e
HIIREARAS 48 7 200 10 1] 14 4R 5. A FH Qe 552 v e 96 47
Mo AH L HE RS L2 o3 My o 25 18] B S 40 2“7 BE A8 X i 7R
20 L 1) 2 R 2H 25 R R AT T A AR 23 B o DT B ST 4
Fif o b g A ) 2 L TBCE A A D0 SE A X B A 5 AR AT
JE B R S B, R R AR R AR 5 I A W o e S
PREE R Z IR B 21 . — 38 25 A AT N 22 0L A B 0 )2 T
18 7% g S T e X A T MR L R R S R
P A8 BIF 5 22 AR BP0 L 7 | IR R Bt B A
2 T B AHAE 2 B g T o AT TRI I 7 325 A 2 1 AT
SEPE2E S PR R, R R B B A S B R O B O
MER, A [) S5 (8] G 2 W) — bR oA AR YR T SN Y 2
ST PR B R S REST L S ) S gl A
IV S 20 2 BRAR O e U H i Bk = 58 3 114 1l PR 6 TiE
KA, A M EWZ B AR B RE . A SOKE T
V) AR e 9 S S5 AR A B i R S, B e B S ] A
ST 2L 2 R S 2 2 A R BR824 i B AR R A
20 W5 5 BUHE il 5 T R A v ) O S 1) 2t Ay o A e
R RS
1 TEFERAFEMNBRFRINA
1.1 #ARRELT*®

23 (8] e s 20~ TR o 22 R EOR S T T AR A 2R AR
o RNA Jr T A 8] 53 A . S S 80 PR ek 1Y 5 8] 41
e B, BE S # IF R T 2 8 R 0O 5 AL 2% A8
(multiplexed error-robust fluorescence in situ hy-
bridization, MERFISH) | ## &£ %¢ Y6 Jf {37 4% 28 (sequen-
tial fluorescence in situ hybridization, seqFISH) Hi
10X S 412 F 61 %7tk o s R il i &
FEHIARIC RNA 73 ¥, BEGE 75 W] — AL ZU00 7 v [w] ) A6
AT AN 5 D 0 2R3k KOF L 2 A AR R g
LB W FT N B3 AT LU AN (] 40 i 28 Y 1) 20 200 A1
FEAE S i€ 735 b 9 B JFC B B B o 400 B 2 B 5 45 R 1Y
AT RV T L I B4 RNA Y R HL A
5 2] D5 VR Ik A5 A BF 5T N D3 RE 98 B 4 b i AT R
10 2 [v) B Sy A 5000 o AT B Tk B A 1) AR B AR ) B
55 g A 2 M S A B S
1.2 XEFRARR L F6 54

VFZWF 58RI JH 25 18] 5% s 20 27 48 s 1 Iioigg A= )+
PEZEE . HAET. 2Kk IA B AE 2R B2 A A
8 SR SE PR B, s 1 v R v 3 3 e 2 20 L 5 e g

JR R B TR 2 ] i o6 RV g s a) B sk 4 2
Ay AT 48 B R R G b R R OGN i S R MR K
57 200 1 %) FE AR T 30E — 25 30 B T G 28 AT 2 S %o e
TR PR 1% 1 52 T L TG R W bORE R AL R R ROIR YT IR
7 3 T A ) B Sy A 2 A 2 A 4 B REAE L T L&
BRI S o 96 R G B4 8 AR A R 0 RIR T R AL 4 Bl
TR AR T B R B BE A s MR kgl
HAb 2 22 B AR (AR 1 4l 2 R 4L 25 BE % B 4> i
by R fie e T Tl A 5 v A0 M S Ak S 1 AR 5L SR i
W IE ZGHA I R T 2 2R SR
1.3 @R 5MFRFHMHIHER

200 6 7. 754 5 i 8 ke B 85 1 A E A RS s ) A SR
AT IE TR 2 — . 38 XA AN [ A R 4N A
5440 Y Y e H T kL B AT N B RE i T TR A b L A i
R SRR LA BT L a0 B
21 0 IV 75 5 o 400 B g S DR R Gk 25 L mT DU I LR
555 R R 78 K B R L R g 4n
JitL 5 B 2T A 240 6 PN R 0 = ) ) R B A T A AR
AR T EZWE 515 AR A2 1 T g S 3R 355 1
EY L FOAT T X S A BRI BT A b T R A
TR YT L B R X B 0 Y A A BE v B DR Ak i
Jo B4 % JE TR T R B L A i S TR i B P 0t R Y
R I & A ) =R
2 HMHAZNELAMSSHEARAERE
2.1 A HAFHIERR G E

G 20 2 R AE 3 By A0 3 T 5 4K B, T Ak B
SR EVRUERAE SR B 2 A I e ok i AR A 25
MRI.CT.PET) GE & 3k 15 25 [a] Al i [|] 22 4k B2 (1) =5 53 B
SRR AT TR L S8 R i i A R AE . IR A 2
FLFE bR AL 25 0 L D /D S 22 43 B R AE R B R 5 5K
T B4 it 22 4 38 TH AR AF 4 B4 o Aff k. e R X s A
Bff 43 2 O B, R P R A EE B L X AR KR
BLER2: 2 vk . 58 o #0748 B — B 48 1T 4 AE
CHE R 22 538 3 43 A1) R i B R A1 R R 28 ) 56 3R e &L
PRI . XEERRAE A A A BY T B MR AT O IR
I7 R B TR
2.2 S3BEURENMNBF RS A

ZRL AR LS A 2 Fh UG A AR L AT D4 T e i
9o B HAER B 1 45 8 DT R A T i R S L R
NIRRT A 35 MR YT 7 R BHIKEE . T A
I 555 A bt DA S PR ) AR L 3 O o R R L
WL MRI 5 PET Bt A A fE 0% 0 57 3% b Sz e b 783 1
i 350 5 A R A R A AR AT A 000 e R 1 A= AT R A
FEFRI, Z A R R BE 8 1R iR ) R X
3 Qe IR v AR O XL K X0 ) 22 5 AT RE S R
Jif9RE %2 ek FE AR T O SRR TR L 3 T X 2 2 ()
SEFRFIE IR AT O A 2 L, [, 2R A
15 5 T Bt 2 2 00 45 A B R st A R T R 2 B RO Y
W) & HESh TAS IR B “# a2 .



FRIES 2026 5% 55 655 4 49

Chongqing Med ],2026,Vol. 55,No. 4 907

2.3 TR A ST AR P0G BT S 3

U0 A R X g I VR T RO L, R
BRI AR AR, U A A RS T B
J&RILT 5 ROT BUR M X A bR B S T
FEUEIRTT W A e . WEFE R WY, JiJg S B0 45 vh %) Bl AR
5 1 5 92 200 i 92 ) 2 R 0 O OB Y G R R R
R T AL 85 27 20 53030 43 BT T8O 20 27 AR A1 318 7T LA
3 o PR AH G RRAE 4R 2 T B8 X 0T SO i, Gn B
LB PR R TR 9 5 S A A R R Y 45 5 T B SR BT B
JEME L B IE R X T SRR R A O AE B . Ak, &
XFFCIT AR B 43 F LRI 58 AR A7 v, B 7E AR Ok
STAT R it DR SR s R 5 T
3 FEHERAFEHNHEFNHRERR
3.1 REFIERGEA

TR FE 2 > HE B4 Ok B 2 Hb N T 28 8] A sk 4
2 50 2 A 0 Rl G 5, 32 T A AT K T e
AT K s . B, )RR B A ST Ab 3R
Bt 0 e B R R TP R A sl AR DGR . AT
A 28 B #% (convolutional neural network, CNN)
ST AL 2 R AR L AT DLRh O & A B R OR O
W LI 2 25 ) e SR AL A O R AE B2 L BAh B8 —
oW TR 2 2 5 253 ) it S5 2 B 40 il TR S L
T2 R S B 5 K s R] S BT MR AR BB 8 4 X i
JEIR YT TN M KB TS Y T 8 O . R R R AR )
A B2 ) KBRS 1 RE 7 iR & A 3 S A 2
BB RS TR B R R A
3.2 mAEBEANMEL BRI

Tl 22 (1) 2 3% 2L 2 RS 20 2% 04 SO0 F AT A
FF B AIE , 2 Y 1 AE W 5T 0 B B R — . A R il
BT VRN 0 AR A5 5 SR o B L R A (T
o AN TR A 2 R NS AR TR B AR AE S
2% (1) it SR AL O 285 6 o T LA T S i, ) T g 1) A ) o
ARk, Ak 38 75 B Bk AR I R b e
PEFN AT SEPE L 5 R 09 3k 26 4 28 S5 ik 4 R K A
FH b S7 B4R A2 50 ik HE e A5 T I PR A A 45 SR (g
7 I RN AE AF I RD A0 SRR A ARSI D B A
AU Bz T IR, IR AR R E T A 285 7
BT RS,
3.3 I AREAHE A B P

L5 % (8] J 53 2 2 R S 2B 2 5 R Y i R B Ak
MEEAW . tmm Bk, e Bk, RIS G0
i 98 A 2 W s B R G RS AR R L A ST
T 23 6] o3 AT KRB E BB, w] LU AR AR B0 4 1912 97 45
VT SR A AR SR A2 T O S8 4R B T SR AR
P& H L AE AR I 2 ), AN G — L B R
B Ko A3 AT A o T TR, R A 2 A S B M Y B AR
HTT B 8 F H AT ST A I R e R AR L kA,
7 5w IR R i B A 5% 25 R A A [ 32 3 N ] DA O
Fe— S H B 2 00 (a) B, axX 26 2 S 25 G 25 i)

e SR 2] 2 55 T A A TN DR N Y OC B, A g2 oK ok
HE 1 5 2 % Jre i) il
4 HMIFEXMALNEYFEEM
4.1 F RIS 8k

ik 96 S o A R i R PN R AN L B 3R] 25 5
PE X B 25 S 5 B R PN A5 P A B L ST e I O v R
R Z BAFAEE Y 7 22 57 A0 — € B EE Lg%
A YT RO o ST K I R PN ) 2 TR) S T P
(spatial intratumoral heterogeneity, sSITH) 2 5 2 A~
[F) 57 B A7 A [R) 1) a2 R0 2R 780 S5 o M T 3 AN ()
B 25 WA B ) 27 L 25 W 32 IR T U N T
G IR A I 3 s 1) ik 4 2 A e kB R Y
R, B g DX B A7 AE 1 A R e AR AR 1k B Y
4 i 33 S BOZ A I A0 N X T Y T A7 M 5
AT Mg P Bk 4 DX A 2 A A0 X 0T g R L TR
Sy A DX PN 14 e R 00 e ke 4RI 3 B RE ) ek s . HL 40 i
R4 K A e AR R, T AR R R T B R S R
PE A B TR AT X i, el R TS .
4.2 AHFARHEILE S

R I HERA 2 SO N Y A ) 2 300 56 i v R
Sttt 2 X ELE, EYFHRAEAEAGURER
SRR N I o 1 <5 7 53 s O 119518 P N i 7 A
TF-Ben] DL AR A i ggg A ) DI 00 45 B L ) A o
) PET .\ MRI 4§ B , a] 3845 o i £ B 08 55 1%
0 PR TS g b o B O S0 Sk . 6T S o R ok
Ut B A R AL B AR S TR 58 A B B L
Frl G E AR EY SRR R R K A R T K R
A HIITIR T TR R Yoy H AR B8 T 05 o 5 B f i 28
A ek R DX, B R PR BE DR 4P I R 20 2L, I A i
g W R Te gl G T R N N A e A B i |
A5 REE Y SR v A R R T B
4.3 AERFFHREL Lk

R T S > IR RE TR T PR 2 Y o AR
2 — A2 v IR MRS S TR RN AR ) 2 R B A AR
FEWE . A T R T M T e A R H
WS AR S W) e 5 I R RO O 28 0 B T ST O .
H 38 N T L6 2 A 5 e 2 A A R TR AR
B HE SR E R Y R R Tt . X ROy e
ol B X 37 HE 3R B B AR B o, [R) A e AR B gk 2
DX J B LU B0 ah Bl S I AT
e BORTE B 8 N BT A AT e A R IR T
T A AR S IR TT RS AR O I S S PR
RITH L BRI L STER A O A o Y R
UETF- B, PSR S g 2 B AR B 2 B LR
J7 N 22 BHME , SR BE T ) % A AR bl
BRI B35 WO B S T Y R Ok B
LS P gy
5 BEBRTHARRARERMMARA @
5.1 HFEAB5AMRLRKT



908 FTRES 2026 5% 55 6% 4 49

Chongqing Med J,2026, Vol. 55,No. 4

B AR A WA A B T B T R, R R T
L OREBET A ESGIRNE RS, BFEA R
Wy B SR I R AL BT AR R I A RS IE AR B 2R T
)RR . JE T AR R R IR T R T AR Y SE R
B A R T AR A B A R BB 1 Bh 35 R B
SRR A ) Bl DR R M O 1 i s R G S R M
FET B SR AN [FR T 5 5t AT LA 3 0 i A 4L
i e A 5 A 8 65 7E FE 43 T AR CEIE B0 R R A T
AMPEAR T . [RIEE B AR AR T TR AT O
B py R MG 2R R B FERITE AR KR
N e RATRITROCR . 4546 S ek i LR R 5 LA
) B AWT AR BT AR A A W DL — 2R R TR
PEARTRIT AR . B B SE 10 R B 2R A A B A
SEE PR P AR 2 73z N A, Rl RE Ok B R IR Y
ghi
5.2 ANIKRRAEMNBEIT FHEM

N TR IEZ AL N F Iogg 36 77 Sk, 76 %2 15 2
ST GRIT IR A R YT S T R R, AT
B A8 38 I O 2 R AR S AT IR AT R DL R B R A
Jif 2 B4 RE A B2 TS F8 B I AR 4 23 A TR A O 3R R
O T i e i BRSO S TG R . il an . N TR RE
T X T BT KR R S A A o A R B
il 9RE B 1% R AE O B AR AE . DL AL BB A A
WO ONIRRIRIT IR B . B — . N TR R
AL T 259 2 B o 30 S 4R B0 & AR BIL
TR 5T T b 988 o 350 000 6 43 sk, AR T A R B T 4R
T8 Y 375 WY FE K 52 B e R 02 FH 4 7 T AT 75 RF 22 A 5% A
S DA B 2 K R 0
5.3 %HFHASENLEREWR

MR A, 2R U AEIL N E
T R O R N TR TR A RS L
AR U R B & A AR T R 12 9T IR AR AR .
I 2 2 5 s A5G SR A 2R 45 6 L BE RS T O 48 7 iR
S PR A B TR A AR A O S X, A,
FRVEAEG B R R B & R R L B AR A
N TE RIS A AR T 55 . R, BooR 3E 20 g g
LT b B T B IR YT ROR B A AR 55 DA T 2% fif AR
R [ = WA ER T T |1 = S P | A S 2 S AR 1
N7 e B EE AR B 2 R AT DA A .
6 2 2

A CLER T A5 ) e S 21 2 50 A 2F A
(89 75 s B LA SR RIS IR S 43 AT 17 3K 6 i SR X R T
O B RE ) B BE2E 2R AT E 4 BB A% 4 1 A
TR — e RN R IR . R IR b, R A ) A S
2F AT LG b B R G B 45 S A e S IO ] [
BF 0T DASE 3 52 182 U A5 5L 43 BT I g X i 1
ML . 3 B A5 A LR HEBOT 5 T O TR Y
J'& I M Im RAS PR AR IR 7 SR AL 1 A 5C By BRI AR

SR 32 I 1) WF 5% v A A & R 90 45 2R 25 R AR

(TR, T O o T B AR O S [H) e R L 22 S
S A Z (R A AH HOC 2R L 3 BOMUE R AT AR 22 57
U, HATHIZE 8 BAr — 5 Ja BRE . ) 2 75 2T R R R
A 19 22 v i R U, AR A B B S M i 498 .
[ 5, 7 48— It A 3 56 1) s o A O 56 5 00 B O ik
R EIRE T ] Y 22 5 . e Ah i 7 51 AR WA B A
THIRAE W)~ SR A O AR ) 27 2 B AT 5 A

AN HE T T 1) S 75 22 5 Bk BORAE A R B, [+
IR} 22 58 70 IO 45 o 22 36 A0 JE Al AF 50 R . A JE T
HEWIAR RS W o 45 A 2 18] B S 2 A N A IR )= i O R
I » X T SR B AR T 2 B Y o i — Ak 2
JEO7 58 o AN I T 4 Sl R IR T 1 S A A A A
K AL BT 1) A 8, e AR B AR R

B, 25 () B S 2 o U 2H SR I 45 RE RS (R
YT S A AT 5 ML T e 2l 5 o B B A A5 4 2
T AR AR T 3t 4 B P2~ 1) S B R AL
FISE MR TR 5 A RALA BF R

2% ik

[1] PEER D, OGAWA S, ELHANANI O, et al.
Tumor heterogeneity[ ] ]. Cancer Cell, 2021, 39
(8):1015-1017.

[2] YOUSEF A, GHOBRIAL L, DIAMANDIS E
P. Tumor heterogeneity:how could we use it to
achieve better clinical outcomes? [J]. Diagno-
sis (Berl),2023,11(1) :25-30.

[3] CHENTY,YOU L,HARDILLO J A U,et al.
Spatial transcriptomic technologies[ ] ]. Cells,
2023,12(16) :2042.

[4] ANDERSON A C,YANAI I, YATES L R, et
al. Spatial transcriptomics [ J]. Cancer Cell,
2022,40(9) :895-900.

[5] GEADY C,BANNON J J,REZA S,et al. Meas-
ured intrapatient radiomic variability as a pre-
dictor of treatment response in multi-metastatic
soft tissue sarcoma patients[ ] ]. Sci Rep,2025,
15.:27838.

[6] ZENG D,YU Y,QIU W,et al. Immunotyping
the tumor microenvironment reveals molecular
heterogeneity for personalized immunotherapy
in cancer[J]. Adv Sci (Weinh),2025,12(25).
e2417593.

[7] BREGENZER M E,MEHTA P,BURKHARD
K M, et al. Cracking the code:predicting tumor

enabled
with machine learning in the human tumoroid
models[ J]. NPJ Biomed Innov,2025,2(1):28.

[8] LIANG W,ZHU Z,XU D, et al. The burgeo-

microenvironment chemoresistance



FRIES 2026 5% 55 655 4 49

Chongqing Med ],2026,Vol. 55,No. 4

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

ning spatial multi-omics in human gastrointes-
tinal cancers[J]. Peer],2024,12.e17860.
MOSES L, PACHTER L. Museum of spatial
transcriptomics[ ] ]. Nat Methods,2022,19(5) ;
534-546.

XIE F, XI N, HAN Z, et al. Progress in re-
search on tumor microenvironment-based spa-
tial omics technologies[]]. Oncol Res,2023,31
(6):877-885.

AN J,LU Y,CHEN Y,et al. Spatial transcrip-
tomics in breast cancer: providing insight into
tumor heterogeneity and promoting individual-
ized therapy [J]. Front Immunol, 2024, 15
1499301.

XU K,LIJ,QIN L,et al. Decoding ecosystem
heterogeneity and transcriptional regulation
characteristics of multi-subtype renal cell carci-
noma[ J ]. Heliyon,2024,10(13) :e33196.
CILENTO M A,SWEENEY C J,BUTLER L
M. Spatial transcriptomics in cancer research
and potential clinical impact:a narrative review
[J].J Cancer Res Clin Oncol, 2024, 150(6):
296.

PELKA K, HOFREE M, CHEN ] H, et al.
Spatially organized multicellular immune hubs
in human colorectal cancer[J]. Cell,2021,184
(18):4734-4752.

LUO J,FU J,LU Z,et al. Deep learning in in-
tegrating spatial transcriptomics with other
modalities[ J ]. Brief Bioinform, 2024, 26 (1)
bbae719.

HUANG B,CHEN Y,YUAN S. Application of
spatial
tumors] J ]. Biomolecules,2024,15(1) :21.

GUO D Z,ZHANG X,ZHANG S Q. et al. Sin-

gle-cell tumor heterogeneity landscape of hepa-

transcriptomics in digestive system

tocellular carcinoma: unraveling the pro-meta-
static subtype and its interaction loop with fi-
broblasts[ ] ]. Mol Cancer,2024,23(1):157.
LIU H,XIE L,XING X,et al. Single-cell pseu-
dotime and intercellular communication analy-
sis reveals heterogeneity and immune microen-
vironment in oral cancer [ ] ]. Discov Oncol,
2025,16(1) :151.

YANG S, WANG M, HUA Y,et al. Advanced
insights on tumor-associated macrophages re-
vealed by single-cell RNA sequencing: the in-
tratumor heterogeneity,functional phenotypes,

and cellular interactions[]J]. Cancer Lett,2024,

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

909

584:216610.

NEDAEINIA R, NAJAFGHOLIAN S, SALE-
HI R, et al. The role of cancer-associated fibro-
blasts and exosomal miRNAs-mediated inter-
cellular communication in the tumor microen-
vironment and the biology of carcinogenesis: a
systematic review[ ] ]. Cell Death Discov, 2024,
10(1) :380.

PANG W, WANG Y, LU X, et al. Integrated
spatial and single cell transcriptomics identifies
PRKDC as a dual prognostic biomarker and
therapeutic target in hepatocellular carcinoma
[J]. Sci Rep,2025,15:14834.

ZWANENBURG A, VALLIERES M, ABDA-
LAH M A, et al. The image biomarker stand-
ardization initiative: standardized quantitative
radiomics for high-throughput
phenotyping[ J]. Radiology.2020,295(2) ;328-
338.

LAMBIN P, RIOS-VELAZQUEZ E, LEIJEN-

AAR R, et al. Radiomics: extracting more in-

image-based

formation from medical images using advanced
feature analysis[J ]. Eur J Cancer,2012,48(4);
441-446.

SHUR J D,DORAN S J,KUMAR S, et al. Ra-
diomics in oncology:a practical guide[]]. Radi-
ographics,2021,41(6) :1717-1732.

VAN ELMPT W,ZEGERS C M L,REYMEN
B,et al. Multiparametric imaging of patient and
tumour heterogeneity in non-small-cell lung
cancer; quantification of tumour hypoxia, me-
tabolism and perfusion[J]. Eur J Nucl Med
Mol Imaging,2016,43(2) :240-248.

SONG C W,KIM H,KIM M S, et al. Role of
HIF-1a in the responses of tumors to radio-
therapy and chemotherapy [ J ]. Cancer Res
Treat,2025,57(1):1-10.

ZHANG Q, QIAN F, CAI M, et al. Research
progress on factors affecting the sensitivity of
breast cancer to radiotherapy: a narrative re-
view[ ] ]. Transl Cancer Res,2024,13(7) :3869-
3888.

KLYUZHIN I S.XU Y,ORTIZ A,et al. Tes-
ting the ability of convolutional neural net-
works to learn radiomic features[]]. Comput
Methods Programs Biomed,2022,219.:106750.

BISWAS A,GHADDAR B, RIEDLINGER G,
et al. Inference on spatial heterogeneity in

tumor microenvironment using spatial tran-



910

FREF 2026 55 55 B% 4 4

Chongqing Med J,2026, Vol. 55,No. 4

scriptomics data[J]. Comput Syst Oncol,2022,
2(3):e21043.

[30] JIG W,XU Z G,LIU S C,et al. Radiogenomics

[31]

[32]

[33]

[34]

[35]

[36]

[37]

of intrahepatic cholangiocarcinoma predicts im-

munochemotherapy and identifies
therapeutic target[ ] ]. Clin Mol Hepatol, 2025,
31(3):935-959.

LOGOTHETI S, GEORGAKILAS A G. More

than meets the eye: integration of radiomics

response

with transcriptomics for reconstructing the
tumor microenvironment and predicting re-
sponse to therapy[J]. Cancers (Basel),2023,15
(6):1634.

JUH Y,YOUN S Y,KANG J,et al. Integrated
analysis of spatial transcriptomics and CT phe-
notypes for unveiling the novel molecular char-
acteristics of recurrent and non-recurrent high-
grade serous ovarian cancer[ ] ]. Biomark Res,
2024,12(1) . 80.

PIRROTTA S, MASATTI L, BORTOLATO
A, et al. Exploring public cancer gene expres-
sion signatures across bulk, single-cell and spa-
tial transcriptomics data with signifinder Bio-
conductor package [ J]. NAR Genom Bioin-
form,2024,6(4) ;1qael38.

FERNANDES C, CAMPBELL-SCHERER D,
LOFTERS A, et al. Harmonization of clinical
practice guidelines for primary prevention and
screening:actionable recommendations and re-
sources for primary care[ J ]. BMC Prim Care,
2024,25:153.

LIU X,ZHANG K,KAYA N A,et al. Tumor
block-shaped

heterogeneity and the mode of evolution in hep-

phylogeography reveals spatial
atocellular carcinomal]]. Nat Commun, 2024,
15(1):3169.

SCHIAVO F, TOMA-DASU I, KJELLSSON
LINDBLOM E. The impact of heterogeneous
cell density in hypoxic tumors treated with ra-
diotherapy[J]. Adv Exp Med Biol,2023,1438.
121-126.

HILL R M,FOK M, GRUNDY G, et al. The
role of autophagy in hypoxia-induced radiore-
sistance [ J ]. Radiother Oncol, 2023, 189:

[38]

[39]

[40]

[41]

[42]

[43]

109951.

TAN L T, TANDERUP K,KIRISITS C,et al.
Image-guided adaptive radiotherapy in cervical
cancer[ ] ]. Semin Radiat Oncol, 2019,29(3).
284-298.

ALSHAMRANI A,AZNAR M,HOSKIN P, et
al. The current use of adaptive strategies for
external beam radiotherapy in cervical cancer:a
systematic review[ ] ]. Clin Oncol (R Coll Radi-
0l),2024,36(12) :e483-493.

KHALIFA J, SUPIOT S, PIGNOT G, et al.
Recommendations for planning and delivery of
radical radiotherapy for localized urothelial car-
cinoma of the bladder [ ] ]. Radiother Oncol,
2021,161:95-114.

PENG J,STOWE H B,SAMSON P P,et al. In-
ter-fractional portability of deep learning mod-
els for lung target tracking on cine imaging ac-
quired in MRI-guided radiotherapy [ J]. Phys
Eng Sci Med,2024,47(2):769-777.
YOGANATHAN S A, KHEMISSI A, PALOOR
S,et al. An end-to-end quality assurance proce-
dure for ethos online adaptive radiotherapy[J].
J Med Phys,2025,50(1) :140-147.

MCNAIR H A.MILOSEVIC M F,PARIKH P
J,et al. Future of multidisciplinary team in the
context of adaptive therapy[J]. Semin Radiat
Oncol,2024,34(4) :418-425.

[44] GIANSANTI D, MORELLI S. Exploring the

[45]

[46]

potential of digital twins in cancer treatment:a
narrative review of reviews[]J]. ] Clin Med,
2025,14(10) :3574.

MENG Y,YANG Y.HU M,et al. Artificial in-
telligence-based radiomics in bone tumors:
technical advances and clinical application[]].
Semin Cancer Biol,2023,95:75-87.

HEO S.PARK H J,LEE S S. Prognostication
of hepatocellular carcinoma using artificial in-

telligence[ J]. Korean ] Radiol, 2024, 25 (6):
550-558.

&8 B #:2025-11-10)
(RS B85

Wi fs B 3 :2025-06-25



