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Abstract

Cerebral small vessel disease (CSVD) is a key cause of vascular cognitive impairment and mixed de-
mentia in the elderly. Its characteristic radiological expression, white matter hyperintensity (WMH),
is directly linked to cognitive impairments in areas such as executive function and information pro-
cessing speed. In recent years, radiomics—an image analysis method based on high-throughput fea-
ture extraction—has developed as a new technical pathway for objectively assessing and understand-
ing CSVD-related cognitive impairment and its causes. This method accomplishes this by extracting
quantitative information from traditional medical photographs that are difficult for the human eye
to detect. This comprehensive review investigates radiomics research achievements in this field, with
an emphasis on their utility in assessing WMH heterogeneity, predicting cognitive performance, and
understanding pathogenic pathways. According to studies, combining radiomics with machine learn-
ing and multimodal image fusion strategies effectively overcomes the limitations inherent in tradi-
tional imaging assessments, such as high subjectivity and low reproducibility, significantly improv-
ing the early detection and precise evaluation of cognitive status in CSVD patients. Moving forward,
radiomics has the potential to elucidate the overlapping pathogenic pathways underlying vascular
and neurodegenerative cognitive deficits, boosting precision neuroscience.
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1. 5|15

i /I~ 1fiL %797 (cerebral small vessel disease, CSVD)s & —2H 58 & i N /INBI K /N bk A B 48 1L 55 e 1
0 AL, L T B AR AL L BE B TR . AR 4L SN B T RERRAS o X e R A T R 8
IS ST HE AN /R SIS R R, BETT SR AR LT AR BER . BRIV A eh 2 M2 The L[], SR L,
CSVD iy ML R B HE [ 7 =115 5 (white matter hyperintensity, WMH). B ARS8 8 & B 1A] B Y 5K «
ok R DA K I 2 AR 4 2] o AT R B s, CSVD ) 5 BRI A5 ) 2006~25%, &4 AN RN FERS
AR E B R 2 —[3]. BEE AN CZEINE, CSVD RMHR RS BT, Hds it SRS T 6l
BEW.

TR GERAG F VPPAN BN T sl 5 VP 4y, T Fazekas VP43 Scheltens P4 sl B it-40%%, H
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EE 55

LT VE MR A, HLUAE DAAER SO Lk (O S b AU R [2] . RS R, Y
TSR FIARI S8 AR A S T 22 A AR A B, PRI, DU IR B SRR AE s X LA 4 CSVD 1
FHERE BB R o X PR BRAE A A IR R AR T EERIEMEARETE, PLSEIX CSVD i
AR FEE TN 0 RS, (R TE VA

SR 20 2 (radiomics) (1) 4 2 MiX — U A 18T I SR A5 o 1207 V28 5 S AR AT = 18 R SR Y
5538, REe E FUEILIR U (MRI) 2RI AL AR AE AR 54, FH DA B2 23 S5 I3 A1 R AWOW 235 4 4
R[4, SiAHAEEE, AW @ E AR TR 2 TS T B A A A AR PPl . AL
THREWIER, BEAEMUEERR T EEMSFWE, ERBEREESOERIRE., KES . =
B 25 A SRR TBURFAE s AT R AME G i 18 2= 10 JR B

ITAE KA ST R B, CSVD 5 R /R 7 BRJ (Alzheimer’s disease, AD)%5 #2018 4T 4 55 7 1L oG 57 i
(blood-brain barrier, BBB)Jj REFwft i #E i~ [ K 11 Joi iR A 55 7 THI A7 £ 5 32 5 & [5]-[7] - WMH 1 CSVD
MR8 R, TR/ LS D) RERRAT 5 i 2 R AT PR R 2 R W] BB AR F[8]. & T B 21 e
HANTAER WMH 25 (B AR AE S SO 5 e, 3 B FER AR L SIARITIRE R R R R .

LE EFTIR, AR RRLRIR AR AL CSVD M SN MRG0 78 b (1) Bk idh e, 3 S8 HAE WMH
SERIHT INENDNRE TN SR ENLHR R PN, IR A 2SRRGB S N TERITNENRE, RER
ASRAE M R Ak RN -

2. B ERSIAHBERRXR

B WMH 4b, BB VRS0, Gl i, 224 A e o [ (R BR A 5K 45 CSVD 248 22 R IR A Tl g
IR . 42 MO IR, SR N T T O B3 HLdE R [9]. N, e BRI A AT R e W o
AL Il R, BN - BRI - PR E s B i PR s B4 I RESS TR N, S iR KU
S IEAHK[10].

AR, R (IR S RF CSVD S B AT M (e BEM L AR X o WFFEREL, Wit
LR 98 AL ) A I 57 R 1 e R R [11] [12], PAK LB R HERIESL S MR R, &
BRI HI B B A 98 955 R 7 7K ~F T v 55 70 B o 200 P 2 T G 4 T 1 e 82 S G [ 03] [14] I i FAH B
LU, RIS PR - B - RO - D7 B IEER, SR [RI DK i S 454 A R R
[15]. WMH I B (57 21 2 52 B0 . B4 R BB i ML EVE, AT RE N p-ve MhFE SR 1 (AB)ITTRR, AT
it AD FERIZIBAT IR AL[16]. [z, AD AHICHIHPEE TOAR 1 K 22 S RE IR AT gk — 540 5 ik 1107 1 45 2y
BE, BB “ MY - PZaBRATIE Y XA I LAI[17] [18]. X FE ELAEARAUINE 1 I 48 Th e e, th
G A2 200 R FE R 7R N R B AS LA 4 1 B At

W RN, BERAAREARYNARTEFE CSVD SN MBER a7 TR @i WMH XI5k
EYERAARRRE, PRI RSO E A IR AR A R s (R M, AT S AN ] A 2R B Y T
TP ER2E S [19] 0 AH LU BRI R R, FAAR AL 2R e T R b PR L S s M AR (b, B B T o 2L
FEME A SN ThRE TR AL [20] AR, EEIRIRTE R VbR EY) K 2SI IE R S SR, B0k se
LXT CSVD £ DA XU () 5B R 0 5 B A VEAG [21]

3. WBRAFHFEFRR

AR AR IR E E OB IUC B . RHESEH RAEIE B S B E DT B . & BERRRAE
TR 5 FR R R AR R e 5 PR PE A R B
B, RGP, % & MRIBEEEATARE . BOAE. BRSO — SR A, LI
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SANFFRIA S S H AR MR ZE R P RHE T BB 2R [22] I AR, B A 2 BB 5N (W1 U-Net.
nnU-Net 5578 B2 2% 2] I 28) (2 52 T 7 WMH DX 73 BIAERR FE A — 350, e SURFESE B it 1 ] S0k
23]

HR, EREREN B, 515 20 2 DUBOSER X J5k (region of interest, RO R BUALFE L A& 24 1E . —
GUTTHRFE - SCHRFAE DA T/ N AR e (R iR P R AR 55 o TS SRR SR Wi ek R AR AR L SR THT AR B AN U % 5
230 TR AIE D) 388 1 K 3 AR 4 ¥ (gray-level co-occurrence matrix, GLCM). /K Ji i R4 [ (Gray-Level Run-
Length Matrix, GLRLM )% J7 V41 5248 ) 2 18] 52 4 FE AN K BE 43 A7 S S M [24] o RRAE 0B 6 2 A5 7R 2 ST T 1Y)
HIEDPIR, HH R A S R T i ik i B2 W AT O E I 28 DR A FE /NI 4
1% H T (Least absolute shrinkage and selection operator, LASSO). # J745F4E 4 K% (Recursive Feature Elimi-
nation, RFE) |5 /. #k #k(Random Forest, RF)RHAIE B 2 FEHF P 45 . IX L83 il G ROBE e A &, 4 it
Rz A RE J1[25]-[27]

e, WA 5 U0 IF B BOE R AL A8 25 S BUR B 2 2] k. AR G i AR TR 2 2] 5% (non-deep
learning algorithms, NDLA)WZ [R5, SZRF A EALSVM)FIBENLARAR, HA AR, THH R R E
S, HAE CSVD AR T M 5. TR FE %% 2] 5% (deep learning algorithms, DLA) &S 2 2 1
2N 2% E B S dERRAE, 05 AR 42 kW 4% (Convolutional Neural Networks, CNN) T fifi £ ¢ £% (Graph
Convolutional Network, GNN), AJ7E 7 N TAHE TRERIATHE T LIRHIES 2] 50 K. £ ol
WFser, —ANET T2-FLAIR SRR 2 SR, ZET CSVD B N EIThfE R M 2 B0 H k32
TePERE, FAE N ER- S AMBIGIESE EISs SIS B i R AR A L [28] o ST, 2B R A
W R, HARAL BRI BRI R AT R

SVATT S, NDLA EH THRAEAIR. FAE4EEHGE I CSVD B, 1M DLA fE 3% ) 54t
FHERR T TR G 7. ARRIT AE T ZHES MG SRR R R R, ks WMH 284 SR iE S
Rk B R4 (diffusion tensor imaging, DT EXINEE MRI F8FREE S, LLIEZR (A RS FIRRIR 15 4 22 (1 2% 1
RERELZ M AR A SRR [29]. Hl4n, Lin 28R T1. fMRI 5 DTI =FH& MRI RFIER & @07 CSVD &
FEINFIBERS ), LA A e Y R A G IR R 1 JE R UM R, 12 7R 1)1 25 55 (AUC = 0.926)
M7 ISUEAE(AUC = 0.878) a5 R B th AR AR IR EE /T, (A I 81,930 )12 Wi vk fff 2 o Wil 25 bk
TSGR, X —VEREAR A L T AZMRIAE CSVD G PR S rh S E A S PR RS o 97 28 114 2 F 1 [29]
AN, Xiao SFAEH LA R | B S 2 RS RS AN AR VPl Th i B, O RIRRL S SRS
PRAL T BR8]

4. ImFRIEFRS RS FIGFREIXT CSVD H A HBERFR TN
4.1. IeFRIEHFEE

CSVD MR FRA LA, HANFIDIRESZ AT 5 2 Rl fal 3L RVEH o AT 20T R L], =ik
LR BB IR e R B e FOE 2 R L B 18 1 98 R S R340 /& CSVD B fa i A 35 [ 1] [30] [31]. fEiX 4
DI, R B A 2 A% O I BRI, K 1L 9 20y T 3 ) 50 Mok A e 0 i o % . i o e i 375
PEXGIN, S R AP EE MR 45 [32]

BEAN, RV A Wb S N v £ 22 32 4% 2% (4 (neurofilament light chain, NFL) 55 i i £F 45 i 4 2% 1 (glial fi-
brillary acidic protein, GFAP) 4 1iF 55 CSVD Wi A8 ffifif LN R RE B E A OG, Rk TR IE S A
TN R 40 5 A [33] [34] -

GG Z PG IR S B S I 256 TR Y 1 BN 040 R o491 2, Teng S5 44) £ 1) 471 2 I B TR 9 N A 6%
WERE. P&, ik R 2 B BRKT & CSVD S Zefabs, il 2 U0 R BB 5 i 1k
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A FE I P D\ Bt (Vascular cognitive impairment, VCI) 45 46 KUK [35]

SR, G IRFBARA AT AEAE — s RBR . LTI §E 77 2R A S o M S b fee e s ek, HLh = Xt
o RG4S o DR, K IR IRAE B S AR RHIE LS & 1 2 YERA B, ] B8 A SRR VR TR0 1) 7
[ o

4.2. RGRBFERR

#£4; MRI € =012 K AR = 1E 568 (white matter hyperintensity volume, WMH volume)z¥, Faze-
kas 117 WAL CSVD fifir. /R WMH SUATS BN FIKF 2SS, (HiZFa s ik 78 7 s AN A
i X AL ThRE 22 5 . BFFCERIE, A N WMH 58 52T hae SR 7, mEikLX WMH U
5812 Je 3 8] 1l 4 35 8 VA 55 [36]-[39]

e MRI A7t —2 7R, CSVD EFHERIARE N 45 (default mode network, DMN)FIZG 5142 il 4 £
(frontoparietal control network, FPCN)ZEFE R 2 R [, 58T DhRERENG A& A5 B0 TR L% PIAHE[40]. XL
SRR, CSVD FrEUAFIBEIG AR T /R iR, S5 BASER N EA G R, %5
B NTRIRN TR, v, TEEMZE, EULEMRSORRHE & S MR RE . Ak, &
AR BRME . 7 BIEIE S 8 SR EA G —, PR TS5 Rtk [2]. Rk, SIANARAH S 5HLE 5 2]
BR, S CSVD A8 E B AL 5 U\ 0 T A R

5. HREESWMH) ERGEFEHRIHRA
5.1. WMH HIEEH TS R R M TRE

WMH AR & 8% Fazekas MLHEIT /& CSVD 58 i i i I I 2 AR AR, (HIK B8 2 P 75 vk 32
LIRS A AT 5 T A LA 79 e P S PR OO 5 R R AIE 5 2 2R I [36] [41]0 SR Sl il AR
PR, T T2-FLAIR 2GR H 2 TN E &S, A WMH SRS AR KRS 5P
T2 [ oy A RFE AT R GUPE L, T AT B8 S e 30 2 2 8 1) 56 R Vs A B 22 52 [4]

Z IS T S G R, BE T KR S AR B AR 7 VAR “ 6 (entropy) 7 A X EE R
(contrast)” “EfaF55 WMH [FIREE G SO TR RAELR MM L R, K — e RE XA FHik
RER, FRIR AR RN B AR S BAME[42]. 2RI, XS i ke A BB NEZEABILLT), H
PRAMGEEAT T B R A BRI AIE, BRI T HAMEE AR ARLZ AL RE ST A, R EIRIE T A R A SR L S
FAG R 22 TR, i m T 45 R T S S5tk

WMH 25 (8] 53 A FREXA RN 2 5 B LR . 2 U i de th, A 808 @B ) WMH 534
AT THREANIN L3 R BRARSS, T Rb X st WMH T 5ic 2 Fl s 25 (Al e J1 2 ko5, $RR A5 42
AT EMA WMH I “AiE - Thae” KR, NI EGAFTEFR IR AEeh 78 A5 B [43] o HIUAG IEYE 3= Ak
TREWTIH 0B, R = G ] B U7 9T 958 UE DR AR Gk

EFWEFCF, Shu 2536 TIELE WMH RAGRRAESE S IR S 50 L TSR, R BG4 24 R fE ]
BEVE AR RN AE AR S T I A FOIRZS A WMH  3E 8 UK [44] 0 R ST 4R S A8 4 22 A0 5h A )
5 Z 07 BA WS, AR SN IR AR, Bz 2, B aEEEN, i)
3t — 20 K I AIE o

5.2. WMH SRR 575\ SRE RS F0m o 49 B2

SR AR CSVD AR FRRRRG I TE A0 B RS2 —, & SEBURT AN AL 0 AU R RS HE T 3
HK, ZUWHTEHET WMH ZERHIEL S8 2 S 5k, IRR PB4 E . Huang 5548 2 O FEAR
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3T T2-FLAIR ) WMH S5 40 22450 TF & 1 Transformer #0784, H-F-#ill CSVD #& A0 N R, H
MERITEIGUESE ¥ AUC 15 0.859, it TA&Gublds s I8 [28] . (H %A L IIFE A 32 R IE T 3 — edte, 4
RICUEREAARXT A R, HE - REAE SR = IR AP e, T RERZ AR B 7E S N Hh (3t N
BRERS BT AN, SSRGS R I SRR O 0 R R B S = A TR /7. Lin S50 T1
IBCRAE . Thae MRI S5 yRETk 2 U (DT SRS RHER S, T CSVD BFINARE K. g2t
A ALTE X 3R TS AR DA 0400 55 B SR I H A =i 1) AUC (0.878) A1 7 K HE T %2(81.93%) [29].  [FIH i)
GG IBAGHAT O L, YB3 TR R — s . FURRE B M b A B, T S 405 R
DTI Z%(FA F#{%. MD Ft) K ZRIME N 45 (DMN)Th BEE B2 IR 55 & BTN A & . R IRn B ARG
4 2] B IR BN R 2 IR 4510 5 Dh e e i, AT R A SE A T A R0 RS P4l o SR, Wi LRI REAEFE A
BN AR LA KU K B = AN ST SR AR, 75 E S AR T A P BA B HH 0 LASGAIE

5.3. WMH RS RS TR R 5

SN IR WMH (7 7R B AR T8 R FEA AR o AR WMH 78 ] B s AN [7) f 3 21
Pl St i ITAER, W Sl P A SRR Ak, BT WMH G0 L K FE 5347 A3 ]
FRVESE AR AR, X AT HARE IR Bh 1 73 28000, DA 7R FL 3 2 22 = [45]

Bretzner E1WFALRINL, AFEEFHN WMH fESERE RS K AR 511 K A5 A 43 AR FAFTE
EES, WrHAAWERNMAG S FIMEM42]. 3E— P AR, > WMH XIS R T2 R
FHIE, RIALE “RLCRE” NI SORECZ L, B4 %508 00 1 P AKX ( Fractional Anisotropy, FA), T35
FRECE T = (Mean Diffusivity, MD), X427 J5 SRR E TR S AU 7y W] BE A7 72 D RE R AR [5] [46]. 15—
K “EEMZETLAL” WMH N R I 95 (entropy) F i S K BE ARSI S VERG 5, 3K T i g Bl i A9 I 5 il 2% b
R BIR[41]. BEAh, B EBES WMH X% 5 FDG-PET fMECIH X A S EE,
ArRelE T “ARUMIESRL” , S IcIhae 2 B A % I [47] [48].

XU FONERE WMH R B VRS M T B AR R, HIL KR TR pL, ARG RMERNE
T, RBERN SO E SRR, SRZ S brifE, MM RRATHE I R RI R R . AR SRHIE T N A
B ERE AR A LERAE,  3E— P A [5] WMH 7R ) A4 2 it A I R R e

6. IRFRFELES . BESRKRE

G N CSVD B HAH SN g (i F R . R PPl 57 i R 4 T B TR, OF
WHALR, T WMH SR H PR R 8, 78— @R L RRBETE N T PR AR AT 2~3 AR H
FEANMA, BT TG BOGBRERT [R] & 11 [49] o 7EVRYT RN 7 T, W 0 R IR ML« I 0% 46 fa 66 IRl 3% T T
CSVD B WMH [XIRgrs “I5) 1k SRR W5 0,  H S5 ME 0 NS r it m 2, 52
IR AR AR A N AL 2R S MV SR BB AR B, B B U R T R0 AL TR [44]

RUE AR AE CSVD WHFL T R B 3578 7, FLIG IR AT I 22 4k FE PR, F 2 FEH AR 2.
e PAC I P 2 T8 R 3 A T2 T = AN 7 10 () b i o
6.1. BAREH: HEZHSEEABEMY

H HTAS [FRF FE R 2 R AR M. TR BRI AR AR SR O A E R R S, SR EE S
AMBIAERE AL o« JCIHRIRFE S SRR “ AR T, PR T 45 RMIE R nT Rt [50]. AR
REfg It 2 O AR . G RRE SR HUARAE (W 1BST 5 ) S T RETE — E FEE L RE RS ER TS
Rz A ERe S5 e vE . [FRE, RZ54 nl iR N 1% G (Explainable Artificial Intelligence, XAI) 532,
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n SHAP 50 Grad-CAM,  SEHURER b S ARAE IR MEAL, 39 LI AR PT AR
6.2. IKKAMAEH: BEAAERTRESREREL

HOATRAAR A2 0 1 B AR R B, k= 58U CSVD St R Gt & . A O 173
Hrr & ROI R SCRER RS N REOR, AL G ARt RORMHESD @A A R
B, FEEMEOHEVRL . LR KAPE BRI R R, T Se B E A IR A I RS b . I 2 A
LIS IERT T B AR XS 72 2 7RI (IR R E, RIS . (HR T RS R AR R N T
PR, T 255, soh, Bli it S AR A L VHIZ) T 2 O IiE 54N . AR
PR FE TR bR HEAL S AR A e, B2 PO BRI R S G iR E s RIS RS 207
REVIZBESRL S, IR BAG A ] Rk i A

6.3. ZHMEREER: BEEARIPSRELE

SR A ORI IR B, Ak L A A e M R e B S R AAE L. H
AT B ik Z 0 DR 28 N TR B R I G — B b S R I IR R o ARORNE S B i i, U ) o T S5
R MU, ERA DR A 2 4 RT3 T (RIS N B A LA, SRZRAT & B SRR B2 VP Al 1 R
A7 BT hn AR 7R A 0 e i R

LR LpriR, R4 IEHES) CSVD BIF T 2 WL A5 A A 320 v (iU B 5 AR T RO AR R E T o S L 457
ARBVEAL S IR &R R LR B RIE AW 763, 1ZBORA B Oy 0 13 A2 5 e
IBATTER AR M ST AL, DN IA R RS IR TE DV SR AL I SE AR A S S AR AL

SE

[1] Wardlaw, J.M., Smith, C. and Dichgans, M. (2019) Small Vessel Disease: Mechanisms and Clinical Implications. The
Lancet Neurology, 18, 684-696. https://doi.org/10.1016/s1474-4422(19)30079-1

[2] Wardlaw, J.M., Smith, E.E., Biessels, G.J., Cordonnier, C., Fazekas, F., Frayne, R., et al. (2013) Neuroimaging Standards
for Research into Small Vessel Disease and Its Contribution to Ageing and Neurodegeneration. The Lancet Neurology,
12, 822-838. https://doi.org/10.1016/s1474-4422(13)70124-8

[3] Pantoni, L. (2010) Cerebral Small Vessel Disease: From Pathogenesis and Clinical Characteristics to Therapeutic Chal-
lenges. The Lancet Neurology, 9, 689-701. https://doi.org/10.1016/s1474-4422(10)70104-6

[4] Gillies, R.J., Kinahan, P.E. and Hricak, H. (2016) Radiomics: Images Are More than Pictures, They Are Data. Radiology,
278, 563-577. https://doi.org/10.1148/radiol.2015151169

[5] Nation, D.A,, Sweeney, M.D., Montagne, A., Sagare, A.P., D’Orazio, L.M., Pachicano, M., et al. (2019) Blood-Brain
Barrier Breakdown Is an Early Biomarker of Human Cognitive Dysfunction. Nature Medicine, 25, 270-276.
https://doi.org/10.1038/s41591-018-0297-y

[6] ladecola, C., Duering, M., Hachinski, V., Joutel, A., Pendlebury, S.T., Schneider, J.A., et al. (2019) Vascular Cognitive
Impairment and Dementia. Journal of the American College of Cardiology, 73, 3326-3344.
https://doi.org/10.1016/j.jacc.2019.04.034

[7]1 Bagi, Z., Kroenke, C.D., Fopiano, K.A., Tian, Y., Filosa, J.A., Sherman, L.S., et al. (2022) Association of Cerebral
Microvascular Dysfunction and White Matter Injury in Alzheimer’s Disease. GeroScience, 44, 1-14.
https://doi.org/10.1007/s11357-022-00585-5

[8] Xiao, H., He, X., Zhou, W., Guo, X., Cai, X. and Li, T. (2025) The Application of Radiomics in the Diagnosis and
Evaluation of Cognitive Impairment Related to Neurological Diseases. Frontiers in Neuroscience, 19, Article ID: 1591605.
https://doi.org/10.3389/fnins.2025.1591605

[9] ter Telgte, A., van Leijsen, E.M.C., Wiegertjes, K., Klijn, C.J.M., Tuladhar, A.M. and de Leeuw, F. (2018) Cerebral
Small Vessel Disease: From a Focal to a Global Perspective. Nature Reviews Neurology, 14, 387-398.
https://doi.org/10.1038/s41582-018-0014-y

[10] Akoudad, S., Wolters, F.J., Viswanathan, A., de Bruijn, R.F., van der Lugt, A., Hofman, A., et al. (2016) Association of
Cerebral Microbleeds with Cognitive Decline and Dementia. JAMA Neurology, 73, 934-943.
https://doi.org/10.1001/jamaneurol.2016.1017

DOI: 10.12677/jcpm.2026.51023 155 s RAN AL 122 2


https://doi.org/10.12677/jcpm.2026.51023
https://doi.org/10.1016/s1474-4422(19)30079-1
https://doi.org/10.1016/s1474-4422(13)70124-8
https://doi.org/10.1016/s1474-4422(10)70104-6
https://doi.org/10.1148/radiol.2015151169
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1016/j.jacc.2019.04.034
https://doi.org/10.1007/s11357-022-00585-5
https://doi.org/10.3389/fnins.2025.1591605
https://doi.org/10.1038/s41582-018-0014-y
https://doi.org/10.1001/jamaneurol.2016.1017

FhEE &%

[11]

[12]

[13]

[14]

[15]
[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Wardlaw, J.M., Smith, C. and Dichgans, M. (2013) Mechanisms of Sporadic Cerebral Small Vessel Disease: Insights
from Neuroimaging. The Lancet Neurology, 12, 483-497.

Zhang, C.E., Wong, S.M., Uiterwijk, R., Backes, W.H., Jansen, J.F.A., Jeukens, C., van Oostenbrugge, R.J. and Staals,
J. (2019) Blood-Brain Barrier Leakage in Relation to White Matter Hyperintensity Volume and Cognition in Small Ves-
sel Disease and Normal Aging. Brain Imaging and Behavior, 13, 389-395.

Rouhl, R.P., Damoiseaux, J.G., Lodder, J., Theunissen, R.O., Knottnerus, I.L., Staals, J., Henskens, L.H., Kroon, A.A.,
de Leeuw, P.W., Tervaert, J.W. and van Oostenbrugge, R.J. (2012) Vascular Inflammation in Cerebral Small Vessel
Disease. Neurobiology of Aging, 33, 1800-1806.

Rajeev, V., Fann, D.Y., Dinh, Q.N., Kim, H.A., De Silva, T.M,, Lai, M.K.P., Chen, C.L., Drummond, G.R., Sobey, C.G.
and Arumugam, T.V. (2022) Pathophysiology of Blood Brain Barrier Dysfunction during Chronic Cerebral Hypoperfu-
sion in Vascular Cognitive Impairment. Theranostics, 12, 1639-1658.

ladecola, C. (2013) The Pathobiology of Vascular Dementia. Neuron, 80, 844-866.

Montagne, A., Barnes, S.R., Sweeney, M.D., Halliday, M.R., Sagare, A.P., Zhao, Z., et al. (2015) Blood-Brain Barrier
Breakdown in the Aging Human Hippocampus. Neuron, 85, 296-302. https://doi.org/10.1016/j.neuron.2014.12.032

ladecola, C. (2017) The Neurovascular Unit Coming of Age: A Journey through Neurovascular Coupling in Health and
Disease. Neuron, 96, 17-42. https://doi.org/10.1016/j.neuron.2017.07.030

Liang, Z., Wu, L., Gong, S. and Liu, X. (2021) The Cognitive Dysfunction Related to Alzheimer Disease or Cerebral
Small Vessel Disease. Medicine, 100, €26967. https://doi.org/10.1097/md.0000000000026967

Liao, Q., Hu, X., Jiang, Z., Huang, X., Guo, J., Zhu, Y., et al. (2025) The Value of Radiomics Features of White Matter
Hyperintensities in Diagnosing Cognitive Frailty: A Study Based on T2-FLAIR Imaging. BMC Medical Imaging, 25,
Article No. 181. https://doi.org/10.1186/s12880-025-01732-y

Han, X., Wang, Y., Chen, Y., Qiu, Y., Gu, X., Dai, Y., et al. (2024) Predicting White-Matter Hyperintensity Progression
and Cognitive Decline in Patients with Cerebral Small-Vessel Disease: A Magnetic Resonance-Based Habitat Analysis.
Quantitative Imaging in Medicine and Surgery, 14, 6621-6634. https://doi.org/10.21037/qims-24-238

Baykara, E., Gesierich, B., Adam, R., Tuladhar, A.M., Biesbroek, J.M., Koek, H.L., et al. (2016) A Novel Imaging
Marker for Small Vessel Disease Based on Skeletonization of White Matter Tracts and Diffusion Histograms. Annals of
Neurology, 80, 581-592. https://doi.org/10.1002/ana.24758

Zwanenburg, A., Valliéres, M., Abdalah, M.A., Aerts, H.JW.L., Andrearczyk, V., Apte, A., et al. (2020) The Image
Biomarker Standardization Initiative: Standardized Quantitative Radiomics for High-Throughput Image-Based Pheno-
typing. Radiology, 295, 328-338. https://doi.org/10.1148/radiol.2020191145

Li, H., Jiang, G., Zhang, J., Wang, R., Wang, Z., Zheng, W., et al. (2018) Fully Convolutional Network Ensembles for
White Matter Hyperintensities Segmentation in MR Images. Neurolmage, 183, 650-665.
https://doi.org/10.1016/j.neuroimage.2018.07.005

van Griethuysen, J.J.M., Fedorov, A., Parmar, C., Hosny, A., Aucoin, N., Narayan, V., et al. (2017) Computational
Radiomics System to Decode the Radiographic Phenotype. Cancer Research, 77, e104-e107.
https://doi.org/10.1158/0008-5472.can-17-0339

Daneshvar, A. and Mousa, G. (2023) Regression Shrinkage and Selection via Least Quantile Shrinkage and Selection
Operator. PLOS ONE, 18, e0266267. https://doi.org/10.1371/journal.pone.0266267

Cao, J,, Zhang, L., Wang, B., Li, F. and Yang, J. (2015) A Fast Gene Selection Method for Multi-Cancer Classification
Using Multiple Support Vector Data Description. Journal of Biomedical Informatics, 53, 381-389.
https://doi.org/10.1016/j.jbi.2014.12.009

Greener, J.G., Kandathil, S.M., Moffat, L. and Jones, D.T. (2021) A Guide to Machine Learning for Biologists. Nature
Reviews Molecular Cell Biology, 23, 40-55. https://doi.org/10.1038/s41580-021-00407-0

Huang, L., Li, Z., Zhu, X., Zhao, H., Mao, C., Ke, Z., et al. (2025) Deep Adaptive Learning Predicts and Diagnoses
CSVD-Related Cognitive Decline Using Radiomics from T2-FLAIR: A Multi-Centre Study. npj Digital Medicine, 8,
Article No. 444. https://doi.org/10.1038/s41746-025-01813-w

Lin, G., Chen, W., Geng, Y., Peng, B., Liu, S., Chen, M,, et al. (2025) A Multimodal MRI-Based Machine Learning
Framework for Classifying Cognitive Impairment in Cerebral Small Vessel Disease. Scientific Reports, 15, Article No.
13112. https://doi.org/10.1038/s41598-025-97552-9

Inoue, Y., Shue, F., Bu, G. and Kanekiyo, T. (2023) Pathophysiology and Probable Etiology of Cerebral Small Vessel
Disease in Vascular Dementia and Alzheimer’s Disease. Molecular Neurodegeneration, 18, Article No. 46.
https://doi.org/10.1186/s13024-023-00640-5

B, AREH, BEGS, S5 M/ IER S5 AR TR ). o A R ks, 2024, 19(12):
1392-1399.

DOI: 10.12677/jcpm.2026.51023 156 Il R PR = 2


https://doi.org/10.12677/jcpm.2026.51023
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1097/md.0000000000026967
https://doi.org/10.1186/s12880-025-01732-y
https://doi.org/10.21037/qims-24-238
https://doi.org/10.1002/ana.24758
https://doi.org/10.1148/radiol.2020191145
https://doi.org/10.1016/j.neuroimage.2018.07.005
https://doi.org/10.1158/0008-5472.can-17-0339
https://doi.org/10.1371/journal.pone.0266267
https://doi.org/10.1016/j.jbi.2014.12.009
https://doi.org/10.1038/s41580-021-00407-0
https://doi.org/10.1038/s41746-025-01813-w
https://doi.org/10.1038/s41598-025-97552-9
https://doi.org/10.1186/s13024-023-00640-5

FEE &%

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

ladecola, C. and Gottesman, R.F. (2019) Neurovascular and Cognitive Dysfunction in Hypertension. Circulation Re-
search, 124, 1025-1044. https://doi.org/10.1161/circresaha.118.313260

Khalil, M., Teunissen, C.E., Lehmann, S., Otto, M., Piehl, F., Ziemssen, T., et al. (2024) Neurofilaments as Biomarkers
in Neurological Disorders—Towards Clinical Application. Nature Reviews Neurology, 20, 269-287.
https://doi.org/10.1038/s41582-024-00955-x

FI4ERR, BRIAIZL, J3IRAS. I GFAP. Hcy 5 Fazekas VP43 /N I S8 W\ KN B s (0 0N B [9]. o 5
LI, 2022, 30(1): 45-49.
Teng, Z., Feng, J., Xie, X., Xu, J., Jiang, X. and Lv, P. (2024) A Nomogram Including Total Cerebral Small Vessel

Disease Burden Score for Predicting Mild Vascular Cognitive Impairment in Patients with Type 2 Diabetes Mellitus.
Diabetes, Metabolic Syndrome and Obesity, 17, 1553-1562. https://doi.org/10.2147/dms0.5451862

Prins, N.D. and Scheltens, P. (2015) White Matter Hyperintensities, Cognitive Impairment and Dementia: An Update.
Nature Reviews Neurology, 11, 157-165. https://doi.org/10.1038/nrneurol.2015.10

Tuladhar, A.M., Reid, A.T., Shumskaya, E., de Laat, K.F., van Norden, A.G.W., van Dijk, E.J., et al. (2015) Relationship
between White Matter Hyperintensities, Cortical Thickness, and Cognition. Stroke, 46, 425-432.
https://doi.org/10.1161/strokeaha.114.007146

FH—, NS, ZEHOME. 00 A8 A8 S A J R B X 2 A S N RN TR R s A [J). BARER 2%, 2015, 43(2): 247-
249,
Hairu, R., Close, J.C.T., Lord, S.R., Delbaere, K., Wen, W., Jiang, J., et al. (2021) The Association between White Matter

Hyperintensity VVolume and Cognitive/Physical Decline in Older People with Dementia: A One-Year Longitudinal Study.
Aging & Mental Health, 26, 2503-2510. https://doi.org/10.1080/13607863.2021.1980859

Gesierich, B., Tuladhar, A.M., ter Telgte, A., Wiegertjes, K., Konieczny, M.J., Finsterwalder, S., et al. (2020) Alterations
and Test-Retest Reliability of Functional Connectivity Network Measures in Cerebral Small Vessel Disease. Human
Brain Mapping, 41, 2629-2641. https://doi.org/10.1002/hbm.24967

Tozer, D.J., Zeestraten, E., Lawrence, A.J., Barrick, T.R. and Markus, H.S. (2018) Texture Analysis of T1-Weighted and
Fluid-Attenuated Inversion Recovery Images Detects Abnormalities that Correlate with Cognitive Decline in Small Ves-
sel Disease. Stroke, 49, 1656-1661. https://doi.org/10.1161/strokeaha.117.019970

Bretzner, M., Bonkhoff, A.K., Schirmer, M.D., Hong, S., Dalca, A.V., Donahue, K.L., et al. (2021) MRI Radiomic
Signature of White Matter Hyperintensities Is Associated with Clinical Phenotypes. Frontiers in Neuroscience, 15, Ar-
ticle ID: 691244, https://doi.org/10.3389/fnins.2021.691244

Membreno, R., Thomas, K.R., Calcetas, A.T., Edwards, L., Bordyug, M., Showell, M., et al. (2023) Regional White
Matter Hyperintensities Relate to Specific Cognitive Abilities in Older Adults without Dementia. Alzheimer Disease &
Associated Disorders, 37, 303-309. https://doi.org/10.1097/wad.0000000000000585

Shu, Z., Xu, Y., Shao, Y., Pang, P. and Gong, X. (2020) Radiomics from Magnetic Resonance Imaging May Be Used to
Predict the Progression of White Matter Hyperintensities and Identify Associated Risk Factors. European Radiology, 30,
3046-3058. https://doi.org/10.1007/s00330-020-06676-1

Du, L., Wang, L., Shen, G., Zeng, M., Li, D. and Li, W. (2025) Progress of Radiomics Research on White Matter Hy-
perintensity Lesions. Frontiers in Neurology, 16, Article ID: 1647724. https://doi.org/10.3389/fneur.2025.1647724

Stewart, C.R., Stringer, M.S., Shi, Y., Thrippleton, M.J. and Wardlaw, J.M. (2021) Associations between White Matter
Hyperintensity Burden, Cerebral Blood Flow and Transit Time in Small Vessel Disease: An Updated Meta-Analysis.
Frontiers in Neurology, 12, Article ID: 647848. https://doi.org/10.3389/fneur.2021.647848

Su, J., Huang, Q., Ren, S., Xie, F., Zhai, Y., Guan, Y., et al. (2019) Altered Brain Glucose Metabolism Assessed by 18F-

FDG PET Imaging Is Associated with the Cognitive Impairment of Cadasil. Neuroscience, 417, 35-44.
https://doi.org/10.1016/j.neuroscience.2019.07.048

Dupré, N., Drieu, A. and Joutel, A. (2024) Pathophysiology of Cerebral Small Vessel Disease: A Journey through Recent
Discoveries. Journal of Clinical Investigation, 134, e172841. https://doi.org/10.1172/jci172841

Shu, Z., Shao, Y., Xu, Y., Ye, Q., Cui, S., Mao, D., et al. (2020) Radiomics Nomogram Based on MRI for Predicting
White Matter Hyperintensity Progression in Elderly Adults. Journal of Magnetic Resonance Imaging, 51, 535-546.
https://doi.org/10.1002/jmri.26813

Lundervold, A.S. and Lundervold, A. (2019) An Overview of Deep Learning in Medical Imaging Focusing on MRI.
Zeitschrift fir Medizinische Physik, 29, 102-127. https://doi.org/10.1016/j.zemedi.2018.11.002

DOI: 10.12677/jcpm.2026.51023 157 Il R PR = 2


https://doi.org/10.12677/jcpm.2026.51023
https://doi.org/10.1161/circresaha.118.313260
https://doi.org/10.1038/s41582-024-00955-x
https://doi.org/10.2147/dmso.s451862
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1161/strokeaha.114.007146
https://doi.org/10.1080/13607863.2021.1980859
https://doi.org/10.1002/hbm.24967
https://doi.org/10.1161/strokeaha.117.019970
https://doi.org/10.3389/fnins.2021.691244
https://doi.org/10.1097/wad.0000000000000585
https://doi.org/10.1007/s00330-020-06676-1
https://doi.org/10.3389/fneur.2025.1647724
https://doi.org/10.3389/fneur.2021.647848
https://doi.org/10.1016/j.neuroscience.2019.07.048
https://doi.org/10.1172/jci172841
https://doi.org/10.1002/jmri.26813
https://doi.org/10.1016/j.zemedi.2018.11.002

	Bridging White Matter Hyperintensities and Cognitive Dysfunction: The Status and Prospect of Radiomics in Cerebral Small Vessel Disease
	Abstract
	Keywords
	1. 引言
	2. 脑小血管病与认知障碍的关系
	3. 影像组学方法学概述
	4. 临床指标与传统影像学模型对CSVD相关认知障碍的预测
	4.1. 临床指标模型
	4.2. 传统影像学模型

	5. 白质高信号(WMH)在影像组学研究中的应用
	5.1. WMH的定量负荷与异质性评估
	5.2. WMH影像组学在认知障碍预测中的应用
	5.3. WMH的病理异质性与亚型划分

	6. 临床转化潜力、挑战与未来展望
	6.1. 技术层面：模型泛化与算法可解释性
	6.2. 临床应用层面：整合现有诊疗流程与报告标准化
	6.3. 法规与伦理层面：数据隐私保护与模型监管


