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[ Abstract ] Radiomics provides quantitative support for the diagnosis, treatment strategy and prognosis evaluation
of brain arteriovenous malformation (bAVM) through high-throughput analysis of imaging data, and it also shows significant
advantages in clinical symptom prediction, personalized treatment and clinical outcome prediction. Emerging imaging
techniques, such as blood oxygen level-dependent cerebrovascular reactivity imaging and ultrasound technology, provide a new
perspective for evaluating the hemodynamic changes and epilepsy susceptibility associated with bAVM. In addition, advances
in deep learning algorithms in automatic segmentation of bAVM lesions have greatly improved the accuracy and efficiency
of segmentation. With the continuous progress of imaging technology, data analysis algorithms and software, radiomics is
expected to play a greater role in precision medicine and individualized treatment, bringing better diagnosis and treatment
services and better treatment effects for bAVM patients.
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BES| S 1 A PP HE L . R 25 P I AR
H T CT. MRIZEGUGH AR RRYE, bAVM 1Y
WTANGST K DR T2 APEECE I8 4 1
% ( digital subtraction angiography, DSA ) . #A1f, B
& B AR ONE A A Sk i 3p ki 20 L
R T2 SCTREE RS, B2 2 UG AR () R P 425 9
A TS DA, SR A A B o e
AR IS, e MESE CT. MRI, DSA
KA A B9 CT ML 1 % (CT angiography, CTA) |
i I Y% 1L % ¥ 52 ( magnetic resonance angiography,
MRA) S84 e Ul E 2 A M EE R,
bAVM B2 AR P At 4B A . A SCRTEDT
ARG R AR A HRTE bAVM 1297 Hr 14 i H]
WrAE, I R I SEF AR A 4 B bAVM Iifi R P 5 ]
E . HES ARG TR G R

1 FAERZGAZEARTN bAVM 2 & If KA
REIGKRER

G A H R TE DAVM Il AORE IR #0000 A1 36
ST ARG i R OCE LM A, R
IHRA T RARFRHE, 2 bAVM (1) 127 it
T AR A ik, AR T RN R
Lin 25 ) FH ek ) IR i g AR 1 4 4 (time of
flight-magnetic resonance angiography, TOF-MRA )
Bds, Wi AR TR IT 73 SRR E,
& B TE FRERIE B2 5 bAVM & 0 & A v
M % (OR=4.16, 95%CI 1.29~13.37) , X 43 &
B . Zhao %57 454 I PRAR AF 5 541 4L 24 FR A
AR R A BT FIUIA A T TR L LB,
AUC {Hi5 % 0.82 (95%CI 0.74~0.90 ) , & T8l
i FHIG RAFAE 4 0.71 (95%CT 0.62~0.80) , TR
R A B O, JfEt 52 & (nomogram )
SEER T TR Y B R . Zhang 25 BB U]
A IEXF T2 AL MRIEHE #EAT 4007, A T &
PERUIMALRL, H AUC {H 53k 0.866, #E—ESE T
SARLH SRR AE SO A A v A B 2R

FEIG R SZ R, PR TG A1) b 6 1] phy W I AT A 24
| R 1 N HE IR T 4 E bAVM IR YT SR g 2 G H
B, R CT " H B S ARCRA IR, HARHT
BAGH 3 AR 2H A HOR P-4 CT 576 452
BAAAFIE, JFiz FHZ RhRRAE O B A B Bl a2 )
AR ISR, o2 R I RELF-Ada B AR %
ol Pt A AL e 28 B 5 TR RO e, AUC {353 0.988,

RSD 4 0.062, SEHE T fi A I e sk I B 41
I Ah, Zhang % 7E X} 586 1 K il 2L bAVM f &
FIRBFIFFE T, B ASERRE . CTA %
1R 2ERRE SR AR, i LA 27 > P eI 4]
W AR, e ZA R AR DI 2 45 AN 4 1) AUC
{E43 3 =35 0.975 F10.895, il IREEHE T 584 77
Ay T H

ZEA O TG R B A2 A5 A A R A )
ToU A5 AU e 08 0 AT, HERA H TN bAVM SR 2 1)
I PR 45 J5y. Meng 45 I FI T1 A1 T2 JinAL MRI %
P, 0 A B /)N 248 X S A R 3 5 [T U O 2 Y
SUAR U 2R 45 G ST AR E 1)U AR (stereotactic
radiosurgery, SRS) Fli b @A, & B HEm
#EHL (support vector machine, SVM ) 57U 7E Fiit il
PR3 #E JE bAVM 1Y SRS 25 2R 5 i £ B R 4, AUC
{4 0.78. Gao 25" 3T L 250 MRS 19T 58
RIS A Y TR AR R T
#bEl ( gamma knife surgery, GKS) 1677 )& W JE A
P4 2 R ) TR R fe A, TESE T 2380 MRIAE
TRYTHTIUN GKS ¥677 45 Jay 75 T Y AR AN (B
X BEHF S UR AL B T bAVM I ARAE IR I R
25 )R T AR PR, oI RIG YT DR AR AL TR
WA, HESIT bAVM W27 [ SRS HE . ML 7
K

2 FIFIDSARDSAHTERBGAHAFZSMET N
bAVM E & IR IEK

DSA 1E A2 i bAVM 1 & brifE, AU RE I 2
BEEGIE BB S5 B, 38 BEHl 3 S 1 1l 3t 3
TR . R E X DSA B (952 15 4 24 B i
ATl A B B, HE A WS s AR U bAVM
SR I AR IR 77 TG 9 75 /7o Shii 2817 ) T 35 AU
25 ) 2% AT T XF bAVM 12 W7 5 Spetsler-Martin 43+
YRR, Zhu 45 S 5 M A T Y S H0RE
(angiographic parametric imaging, API) 5521440
2P RR IR b 8 0 4 PR B B A T T R O A e
SN NN M R 2V N &Y S A IR RS DA N
i R BRRAE, R g A BRI . 20
1Y 2 A s, F2 AR i Bl bk ik s I R SE K (OR=
11.836, 95%CI 1.388~100.948, P=0.024 ) I
(1) 7 ¥ 8 oF B 46 %8 (OR=0.174, 95%CI
0.039~0.766, P=0.021) 5 bAVM il 24 XU (19 3 fin
ARG, IS AT BAGE A B S A A Y R
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W5 ( microcatheter intravascular pressure monitoring,
MIPM ) 15 25 % 14 7 S 5007 D 1L A o 52
( quantitative digital subtraction angiography,
QDSA) 4r M & B, e 085 e ke R ) B B
(transnidal pressure gradient, TPG) . fit Ifil 3l Jik
/1 (feeding artery pressure, FAP ) A% Aokt
AT B R A AR L Loo &1
T B IE iR E] ( modified cerebral circulation
time, mCCT) , RIS 3l Bk i 4 52 B O R X
(region of interest, ROI) FITHI &k ROI 2 [&] )
1 52 7 1 21 3k B 18] (bolus arrival time, BAT ) 2
{8, WS R mCCT S0 A A A0, >
mCCT <2 s IN7E X 7 Him A A E AR A 1 rh R 3
AR . Shakur 287 5@ 1 iFlow B8 2347 & B,

DK AT ) DAVM S8 25 ELA B 19 A S i XU
EL 30 S T 5 ) S R ARSI e 5 LG Ah,
FIFHE AR M G A (quantitative magnetic
resonance angiography, QMRA ) il " DSA P-4k
1) bAVM FE 35 I3 01 ) 2 A8 A — 35tk i — 20k
ST DSAATAEEAE B I R A A X SRS R AN
{IESE T DSA AT AE B4 43 BT 78 bAVM 1297 iy Al
FrvEFG R E, 5 T F & 3 H 424 X DSA
BRI AR 0 W I 0 B, DUNTEAR R 1Y
bAVM 127 H A5 B R IR o

3§13 bAVM FR AL RIAE A 53 ZIFL AR TE bAVM 15
HF I % N A

AR AL 2T, ROT BUERR R 7 Bk il
TR AR, T bAVM B9 & 2% I A5 4544,
Wi T VAT P A 1 0 1) — B2 S AR A 2= BOR B R Y
— PR ARG N T A Tk BOARMER, [HAF
TERERT . $AERE A2 A0 £ UL o S Bk, JUHIZEAD
FREGIE e ke SR B SR T e RT3 H Y R
BRE, BRI R AR Bk A LA 2 2T I 2k,
HIR R 22 3] B Y E bAVM IR 42 RS h
AHKYE ST, Clarengon 25" FII FI2K [ 3043 #1557
X7 3D JiE % Il 4 1% 5 (three-dimensional rotational
angiography, 3D RA ) (g iE4743#], 0] LLEE 15 i
M2kt 254y, XArpEim sk . B RS
ok 25 S BLGE, (EL20 BI TRIAR G K Jiao 25
kT 3T U-Net IR 28 T B sl 17
TOF-MRA H1f bAVM J% 7%, $# T 3D TOF-MRA
P {5 e e IE P /R BIORE B2 19 3 T 2% %8, Wang 45 2!

WIR TR B 5= 21 1 & 1 X CT 521889 F 8153
FIBRL, KIEIL T bAVM 2R3 2. DSA 1k
9 bAVM 12 B 1 4 bR v, S pE 1 I A8 o A A il U
FEETEAGE S, (HHAZWEs AR KRR B LA T
B BB KRR 0, Shi 25 35 T s o e
G 22 X 4% ( faster region-based convolutional
neural network, Faster-RCNN ) #5515 F T DSA %X
i, 308 4 B ik 0 2 e Tk G SO ) B [R) AR AR, O
255 X BB ] FRIE 5 DSA BRI 5218 4 2R
fEYI 25 SVM 4p 2R 8, S2HL T bAVM 12187 5 43
P SERTUET FIBORTE bAVM (52 R 4 2 5T
W b TR A B B, HE 200k THCh BB 132
i, H BRI S T S ERR TR FSCR,
il PRIZ W FG T SR 4k 1 B R TSR A HOR SR
Riti 5 AL 2 o > FIR BE 5 2 A iAW 2, filT ok
KB EZ MR EL O Lk, D20t
bAVM 73 BB ARSI P AR o

4 DB FFHEE MEWIS T R G o Y R

FE G R L 1% (quantitative susceptibility
mapping, QSM ) 7E bAVM HYiZ2 . ARErEL&l . K
Je e DA 5 TR B E AR S bAVM Y
Bk — DK 20 S 207 I R Dk ) DK i, S0 A R

( venous oxygen saturation, SvO, ) 3 = T 1E % i
JIko QSM 38 A=k 4G I 3t A I £ (1 (R RGP, T
TeBIM i SvO, 224k, WFFE AL, bAVM 5 i iKY
SVO, B MR FR KT, B0k 1 43 i L i 3h
FRHE, [FEF QSM 454 TOF-MRA 5 sh 54 Le i
MRA A Xk sh ik 55 it ek . ESR iR
SEATRE T4, 5 QSM A5RE S I 1 45 AT 4
TRIPIRAS, T HAEE ZR s P FAL G085 ™ .

bAVM iR T R MG AL 4G WA TR I8 P A
SE . SEARRE TS ANRE B AR ST IE P RN ik
HRAFAE—E MR PR . BITARIE bPAVMIIA T
FRTEY R TR RE 2 i, T
ARSMEMERE #2575 . Mandel % 2313 3D TOF-MRA
13D 3458 T1 AL MRI 5 # bAVM I 45 454, 7
AR W AR it sl R S | we kA T Um0, AT
AR T AR, Markl 252 FJ1] 4D Flow MRI
Xof BB AT PN I3 2 Ak AT 3D A, 4 T W 4
N ZETEIRY T IIIR] 1Y I 3l ) 278 Ak, DARE AR 2
JE TR AU o X6 T TR T AR ZE 4 6}

(GnE4A Onyx S ), QSM AT TARIIAR /5 42 )&
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thie, (HF5E EHE IR T Be T PLmd b0 & .
ALK AR SRR IR ClnAEYIREfaRL)
QSM FJ SRS At b s i A ZERACR . 7E GKS Bk 23R
75, QSM ] ZS I 25 A ER ik SvO, T B,
P WP I PR 26 RN I3 IE 5 Ak s I69T 5 OB R
SR T % B A SvO, YA X FRVETH R LAY A
B QSM XA Bk BA mUHn S H I B R A, i
JE B R AR R DU A AR i, QSM{H
ZEIR TR AT RE B /R TOAE AR PR L, R AT IR R T
WL kA, P EE . K. AREN
85 B2 RS A R R bAVM IR YT S 1T
TR ) SRR, BE NS AN Bl = AR HEA T TR R
X, $EE TR,

P R A A 0 R L FBH T &R
BAFFEPR, 175 bAVM HYIZWT . 16T ik REE D5 H
HEEME, Rf#~ (intraoperative ultrasound,
ioUS ) REME S LS ds, o AR AR, &
RVPAN AL, AN R AR ARG
1 % (0 2% §#H 7 (color Doppler ultrasound,
CDUS ) #f#A R ( contrast-enhanced ultrasound,
CEUS) PFfili bAVM LS FEAE, AT 4) 20 1 W i 1
P15 il L R Pl DX 3y i i) 270G &R, A S At ot sl ik
kG 1A E . AR CDUS il CEUS 19
KRN BIR DK AT 5 0 B 1) A2 Ak B BRI AT N 1) S A 3 i
FREE, 454 M AR, A B TREAR B AR &
fE. FARVIBRZERNE, MR CEUS Tt AJwkt: |
CDUS JCal K i Ji e Ao kb A K5 | i ik e i £
SR G, RERSIEAS IR A DIRAG SEae >
I KRS G 1 45 B 1 ( blood oxygenation level
dependent-cerebrovascular reactivity, BOLD-CVR )
BUGRAE R — R R, AT LAt 2 Jok i il 4
i1 & F X358 (%) BOLD-CVR 3Z $511# 0. Sebok %"
i 3 43 #r bAVM A # 1) BOLD-CVR [ 1§ & B,
bAVM i # 4= ili BOLD-CVR &Z i, H & I 5H 1
8% BOLD-CVR Z i 2 8, B 42 /il BOLD-
CVR 5 £ F1 I3 31 7 27 2722 AT BE 5 bAVM FR 35 11
o 7 A G o 3K — R AN I 3 3 ) 2 4
A EE FRE T bAVM AH G0 (155 B4R BRAE L],
1475 JE B BOLD-CVR 1] B 1 0 Tl bAVM f 35
TR AR AR )

5 I &

JUE G A - A5 A PR AR5 B AE bAVM 45

BT AL TR A BB, HE BoR B KT
MR BRI, BB DLERF 2 FITREE 2 > FAR AR
HEE, W AR A B 2 0 e AL T & ok,
fHSEAR A 2 S A AR B A ST Ak 22T Ak,
i bAVM 3297 $2 41 5T Z B30T 10 ff o 52, #Esh
bAVM 297 [n] RS HE . AR T T KR .

[& % X #f]

[1]  AL-SHAHI R, BHATTACHARYA J J, CURRIE D G,
et al. Prospective, population-based detection of
intracranial vascular malformations in adults: the
Scottish Intracranial Vascular Malformation Study
(SIVMS)[J]. Stroke, 2003, 34(5): 1163-1169. DOI:
10.1161/01.STR.0000069018.90456.C9.

[2]  STAPF C, MAST H, SCIACCA R R, et al. The New
York Islands AVM study: design, study progress, and
initial results[J]. Stroke, 2003, 34(5): e29-e33. DOL:
10.1161/01.STR.0000068784.36838.19.

[3] RUTLEDGE C, COOKE D L, HETTS S W, et al. Brain
arteriovenous malformations[J]. Handb Clin Neurol, 2021,
176: 171-178. DOI: 10.1016/B978-0-444-64034-5.00020-1.

[4]  AL-SHAHI R, WARLOW C. A systematic review of the
frequency and prognosis of arteriovenous malformations
of the brain in adults[J]. Brain, 2001, 124(Pt 10): 1900-
1926. DOTI: 10.1093/brain/124.10.1900.

[5] HILLMAN J. Population-based analysis of arteriovenous
malformation treatment[J]. J Neurosurg, 2001, 95(4):
633-637. DOIL: 10.3171/jns.2001.95.4.0633.

[6] LINJY,LUCF HUY S, et al. Magnetic resonance
radiomics-derived sphericity correlates with seizure in
brain arteriovenous malformations[J]. Eur Radiol, 2024,
34(1): 588-599. DOI: 10.1007/s00330-023-09982-6.

[7]  ZHAO S, ZHAO Q, JIAO Y, et al. Radiomics analysis
for predicting epilepsy in patients with unruptured brain
arteriovenous malformations[J]. Front Neurol, 2021, 12:
767165. DOI: 10.3389/fneur.2021.767165.

(8] ZHANG Y, YAN P, LIANG F, et al. Predictors of
epilepsy presentation in unruptured brain arteriovenous
malformations: a quantitative evaluation of location and
radiomics features on T2-weighted imaging[J]. World
Neurosurg, 2019, 125: ¢1008-e1015. DOI: 10.1016/
j-wneu.2019.01.229.

[9] ZHANG Y, ZHANG B, LIANG F, et al. Radiomics
features on non-contrast-enhanced CT scan can precisely
classify AVM-related hematomas from other spontaneous
intraparenchymal hematoma types[J]. Eur Radiol, 2019,
29(4): 2157-2165. DOI: 10.1007/s00330-018-5747-x.

[10] ZHANG S, WANG J, SUN S, et al. CT angiography
radiomics combining traditional risk factors to predict

brain arteriovenous malformation rupture: a machine



PR AR

2025429 H 55 46 4

e 1107 -

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

learning, multicenter study[J]. Transl Stroke Res, 2024,
15(4): 784-794. DOLI: 10.1007/s12975-023-01166-0.
MENG X, GAO D, HE H, et al. A machine learning
model predicts the outcome of SRS for residual
arteriovenous malformations after partial embolization:
a real-world clinical obstacle[J]. World Neurosurg,
2022, 163: €73-e82. DOI: 10.1016/j.wneu.2022.03.007.
GAO D, MENG X, JIN H, et al. Assessment of gamma
knife radiosurgery for unruptured cerebral arterioveneus
malformations based on multi-parameter radiomics of
MRI[J]. Magn Reson Imaging, 2022, 92: 251-259. DOI:
10.1016/j.mri.2022.07.008.

SHI K, XIAO W, WU G, et al. Temporal-spatial feature
extraction of DSA video and its application in AVM
diagnosis[J]. Front Neurol, 2021, 12: 655523. DOI:
10.3389/fneur.2021.655523.

ZHU H, ZHANG Y, LI C, et al. Quantitative evaluation
of the hemodynamic differences between ruptured and
unruptured cerebral arteriovenous malformations using
angiographic parametric imaging-derived radiomics
features[J]. Neuroradiology, 2023, 65(1): 185-194. DOLI:
10.1007/500234-022-03030-8.

ZHANG Y, CHEN Y, LI R, et al. Overloaded transnidal
pressure gradient as the hemodynamic mechanism
leading to arteriovenous malformation rupture:
a quantitative analysis using intravascular pressure
monitoring and color-coded digital subtraction
angiography[J]. J Neurointerv Surg, 2025, 17(2): 186-
191. DOTI: 10.1136/jnis-2023-021348.

LOOJK,HUY S, LIN T M, et al. Shortened cerebral
circulation time correlates with seizures in brain
arteriovenous malformation: a cross-sectional quantitative
digital subtraction angiography study[J]. Eur Radiol, 2022,
32(8): 5402-5412. DOI: 10.1007/s00330-022-08690-x.
SHAKUR S F, BRUNOZZI D, HUSSEIN A E, et al.
Validation of cerebral arteriovenous malformation
hemodynamics assessed by DSA using quantitative
magnetic resonance angiography: preliminary study[J].
J Neurointerv Surg, 2018, 10(2): 156-161. DOI:
10.1136/neurintsurg-2017-012991.

COLOMBO E, FICK T, ESPOSITO G, et al.
Segmentation techniques of brain arteriovenous
malformations for 3D visualization: a systematic review[J].
Radiol Med, 2022, 127(12): 1333-1341. DOI: 10.1007/
s11547-022-01567-5.

CLARENCON F, MAIZEROI-EUGENE F, BRESSON D,
et al. Elaboration of a semi-automated algorithm for
brain arteriovenous malformation segmentation: initial
results[J]. Eur Radiol, 2015, 25(2): 436-443. DOL:
10.1007/s00330-014-3421-5.

JIAO Y, ZHANG J Z, ZHAO Q, et al. Machine

learning-enabled determination of diffuseness of brain

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

arteriovenous malformations from magnetic resonance
angiography[J]. Transl Stroke Res, 2022, 13(6): 939-
948. DOI: 10.1007/s12975-021-00933-1.
WANG T, LEL Y, TIAN S, et al. Learning-based automatic
segmentation of arteriovenous malformations on contrast
CT images in brain stereotactic radiosurgery[J]. Med
Phys, 2019, 46(7): 3133-3141. DOI: 10.1002/mp.13560.
BIONDETTI E, ROJAS-VILLABONA A, SOKOLSKA M,
et al. Investigating the oxygenation of brain
arteriovenous malformations using quantitative
susceptibility mapping[J]. Neuroimage, 2019, 199: 440-
453. DOI: 10.1016/j.neuroimage.2019.05.014.
ASIF K, LESCHKE J, LAZZARO M A. Cerebral
arteriovenous malformation diagnosis and management[J].
Semin Neurol, 2013, 33(5): 468-475. DOI: 10.1055/
s-0033-1364212.
[l S g B2 o rpls , R E BRI 2 22 ALl
Bgy, S A 2 SR} BRI P23 S 1 22 SRR
LRI R INEhE ke 2 2 P2y L 2 R [T,
A R 2 2k, 2024, 104( 15 ):1280-1309. DOI:
10.3760/cma.j.cn112137-20240109-00061.
MANDEL M, LIY, FIGUEIREDO E G, et al. Presurgical
planning with open-source horos software for superficial
brain arteriovenous malformations[J]. World Neurosurg,
2022, 157: 3-12. DOI: 10.1016/j.wneu.2021.09.081.
MARKL M, WU C, HURLEY M C, et al. Cerebral
arteriovenous malformation: complex 3D hemodynamics
and 3D blood flow alterations during staged
embolization[J]. ] Magn Reson Imaging, 2013, 38(4):
946-950. DOI: 10.1002/jmri.24261.
ZEINEDDINE H A, GIRARD R, CAO Y, et al.
Quantitative susceptibility mapping as a monitoring
biomarker in cerebral cavernous malformations with
recent hemorrhage[J]. ] Magn Reson Imaging, 2018,
47(4): 1133-1138. DOI: 10.1002/jmri.25831.
PRADA F, DEL BENE M, MAURI G, et al. Dynamic
assessment of venous anatomy and function in
neurosurgery with real-time intraoperative multimodal
ultrasound: technical note[J]. Neurosurg Focus, 2018,
45(1): E6. DOI: 10.3171/2018.4.FOCUS18101.
DELLA PEPA G M, DI BONAVENTURA R, LATOUR K,
et al. Combined use of color Doppler ultrasound and contrast-
enhanced ultrasound in the intraoperative armamentarium for
arteriovenous malformation surgery[J]. World Neurosurg,
2021, 147: 150-156. DOI: 10.1016/j.wneu.2020.12.076.
SEBOK M, GERMANS M R, NIFTRIK C H B V, et al.
More pronounced hemodynamic alterations in patients
with brain arteriovenous malformation-associated
epilepsy[J]. Neurosurg Focus, 2022, 53(1): E4. DOI:
10.3171/2022.4.FOCUS22117.

[AxXHiE] BT



