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[ Abstract | In acute ischemic stroke, collateral circulation plays a critical role in maintaining ischemic penumbral
perfusion, delaying infarct progression, and improving outcomes after endovascular treatment (EVT). Currently, collateral
assessment mostly relies on computed tomography angiography (CTA), multiphase CTA, computed tomography perfusion,
magnetic resonance perfusion, or digital subtraction angiography, and still mainly depends on visual grading systems such as the
Tan, Maas, and American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology scores.
These approaches are subjective and show limited reproducibility, failing to meet the clinical demand for rapid and objective
quantitative evaluation. In the context of increasingly refined reperfusion strategies, accurate evaluation of collateral capacity
is essential for explaining heterogeneity in infarct progression and the futile recanalization, defined as successful recanalization
without effective tissue reperfusion. In recent years, deep learning methods have been applied to enable automated quantitative
assessment of collateral circulation. Existing studies have focused on automated collateral grading, extraction and multiscale
quantification of vascular structure, and multimodal predictive models integrating perfusion parameters with clinical
information. Despite encouraging progress, challenges remain, including limited data availability, class imbalance, domain shift,
and the absence of unified grading standards. This review summarizes recent advances and key bottlenecks of deep learning
in the assessment of collateral circulation in acute ischemic stroke and discusses future directions, including multicenter
standardization, dynamic blood flow modeling, self-supervised learning, explainable artificial intelligence, and integration into
clinical workflows, so as to facilitate more robust and generalizable collateral assessment frameworks.

[ Key words | collateral circulation; acute ischemic stroke; deep learning; angiography; perfusion imaging; multimodal
prediction
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Effective reperfusion with good collateral status
—— Effective reperfusion with poor collateral status
No-reflow with good collateral status

No-reflow with poor collateral status
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Reperfusion period
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Fig1 Conceptual diagram of collateral status and vascular recanalization jointly regulating dynamics of infarct progression
During the vessel occlusion period, good collateral circulation slows the progression of infarction, whereas poor collateral circulation
leads to more rapid infarct expansion. The black dashed line indicates the time point of vascular recanalization. After recanalization,
tissue perfusion outcomes may diverge into effective microvascular reperfusion or no-reflow. In the case of effective reperfusion,
infarct progression tends to stabilize under good collateral conditions, whereas patients with poor collateral status may still experience
ongoing tissue injury. In contrast, under no-reflow, ischemic progression continues despite angiographic evidence of successful

recanalization, and the collateral status further influences the progression and the final extent of tissue damage.
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Fig 2 Representative examples of collateral status assessed by DSA
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Images from the Neurovascular Center of The First Affiliated Hospital of Naval Medical University. Under left internal carotid artery

(LICA) angiography, sparse cortical vessel visualization and limited distal branch filling suggest poor leptomeningeal collateral

circulation (A, B). In contrast, a dense cortical vascular network with broad coverage and evidence of retrograde filling suggests

good collateral status (C, D). The lower region of each image corresponds to the internal carotid artery trunk, while the upper region

represents the cortical vascular territory, illustrating that DSA-based assessment primarily relies on the density and extent of cortical

vessel opacification for qualitative evaluation of collateral status. DSA: Digital subtraction angiography.
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Tab 1 Clinical application of conventional CTA/mCTA/CTP indicators in collateral circulation assessment

Study

Imaging indicator

Clinical role

Key finding

Developed and validated a
convolutional neural network
model to analyze CTP images
for predicting 3-month
functional outcome after
intravenous thrombolysis

Combined assessment of
early ischemic changes and
mCTA collateral extent for
predicting EVT outcomes

Basecline CTA venous
outflow characteristics for
predicting EVT outcomes

Evaluation of intravenous
thrombolysis efficacy based
on imaging-reflected ischemic
tissue progression rate

Regulation of reperfusion
quality and futile recanalization
by leptomeningeal collateral
status

Comparison of imaging
selection strategies for
thrombectomy outcomes
in late-window (6-24 h)
ischemic stroke

Evaluation of the accuracy
and time dependence of
CTP-derived ischemic core
volume estimation

Direct input: CTP
perfusion maps (cerebral
blood flow, cerebral
blood volume, and time
to peak). Comparison:
automated volumes (core
and penumbra) from
MISTAR software

Non-contrast CT early
ischemic score; mCTA
collateral extent

Single-phase CTA cortical
vein opacification score

CTP mismatch and
quantitative net water
uptake

Leptomeningeal collateral
extent and filling assessed
by CTA/mCTA

CTA collateral assessment
(single-phase or multiphase
CTA) +/— CTP

CTP ischemic core
volume (relative cerebral
blood flow, rCBF <30%
or <20%) compared
with follow-up MRI-
DWI infarct volume

Improves prediction of (1) The convolutional neural network

thrombolysis response using
advanced machine learning on
CTP images

Evaluates ischemic severity and
collateral circulation when CTP
is unavailable

Complementary indicator to
arterial collateral assessment for
predicting recanalization quality
and functional outcomes

Tissue-level indicator reflecting
collateral compensation to optimize
patient selection for thrombolysis

Identifies whether effective tissue
perfusion can be achieved after
recanalization and predicts the
risk of futile recanalization

Evaluates whether CTA-based
collateral imaging alone can
replace CTP for patient selection
in late-window EVT

Evaluates the reliability of CTP-
derived ischemic core estimation
for patient selection and prognostic
prediction across different onset
time windows

model outperform both the original and a
modified MISTAR model. (2) Combining
convolutional neural network-derived
imaging features with baseline clinical
data further improve prediction. (3) The
convolutional neural network model
shows potential for aiding thrombolysis
patient selection”!

Combined imaging scores are significantly
associated with 90-d functional independence
and show predictive performance comparable
to CTP-derived ischemic core volume'**’

Favorable venous outflow is associated
with higher-quality recanalization and better
90-d functional outcomes, mdependent of
arterial collateral grading

Imaging-derived tissue progression status
predicts neurological improvement and
90-d functional independence better than
time window alone; patients with slower
progression derive greater benefit from
thrombolysis*m

Poor leptomeningeal collaterals increase
the likelihood of futile recanalization
despite successful vascular recanalization
and are associated with unfavorable
outcomes, whereas good collaterals
significantly improve reperfusion q[ uality
and reduce futile recanalization rates

Multicenter pooled analyses show that
patients selected using CTA collateral
imaging achieve similar 90-d functional
outcomes to those selected using CTP-based
strategies, suggesting that CTA collateral
assessment may serve as an alternative
imaging approach for late-window EVT™

CTP-derived ischemic core volume correlates
well with follow-up infarct volume.
Overestimation mainly occurs within
90 min of onset in patients with rapid
reperfusion; using a stricter rCBF <20%
threshold reduces early core overestimation**

CTA: Computed tomography angiography; mCTA: Multiphase computed tomography angiography; CTP: Computed tomography

perfusion; CT: Computed tomography; EVT: Endovascular thrombectomy; rCBF: Relative cerebral blood flow; MRI-DWI: Magnetic

resonance imaging diffusion-weighted imaging.
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% U-Net 4B h N A ¥, ERAKEALA
HWBEATENTEW -5, ZERTHEN =40
ERMERR, ZHUNet BT HAELREN, £R
BHARES ISR T T EEARYE, EXIIAN
B R AR RBEBEYE . FFHE LKW, %F %7 Dice
AL R 2k Bk B MR & Dice ¥R FE 4 TR
AR & B E AR AR AR, TRIFHERRT
Sm/NtLE 5 B AR ARDR S

FRFERFANSRE DL E EMALE #
MEGEM—F M2 NAERAT L LA RAER
B, MEAMAUELERE=Z%CNNYETHI AN
Transformer % # 28 83 & AE 2, B 7 X KA K
BERIPRBOEEE S, FHREBTHER
ERERFATHEHEAITHRN KK, EATE, &
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W 2 AR &P £ R ML, I
Transformer #8628 440 E % Jf T3 18 & F K 9 AL
A, BERMBZ R —TNERRET AL EMEH
SN i
413 ZHEESMASHUGIUN R E %3 AN R
BERAEFNEI L RERREME S EASTNHE
A, BRRKAGASESHHSHNELTH L B %
EHAFE, MIRAREZEEZ NHEL X A,
MR E KA G R4 R (90dHEH R
Rankin B % ¥4 ) WH Mk ho HETREBE
BAEREENEEAER, SHABONEESY
AR ERMES B PRHEAFNEEX, ERHE
L RRR R TR B 5 Fs % K.

HTCTPHWELESERCDEILEEH I,
—RHAE UM MR E ., WA E. FHEEE
ik W B E] % CTP S8 e = 4 N, IR skt A
5k 2 4 ] 25 N CTP W 5 5] = 4 o RAFAE, [F] B
F, XEBELIAHARRETERIFL, . BETE
% OB AR R BN B 1] S R R B YRR 4
AL 1 B, MR B S AT A4,
EWEME, ZHARF-—SURTERHES. BA@
&5 ET o A5 S EAEB 5E # (dynamic affine
feature map transform, DAFT ) Yz & 5 4 & FR1E
2 BHLF . DAFT B3R 3T 45 4 I K K & 55 4 %
BRERTHAEHRERERE, F8R 5 IEKE
XM ERERMT, R THEA G E LR,
BT M G M B B R AR K AR B
REE., EELH R 98 ] AIS B F K EF, XA
DAFT % # A& # A By & £ Wl 4 4 (AUC=0.75,
Fl 2#=080) EX@ T2 —HAMAE (FHhE
¥ AUC=0.70, I JR4E4r AUC=0.71) Kt S 4AE
R, RIEESEXAREHG THERYRS
I R 15 BBy B AN

MNEESERNANE, SHEAEHENET 4
AL REREFIFRAER A EHEE,
NERAREERMU=ZECNNRE LK (0= 4%
U-Net ) 4 EHRAELR, (hH7 T 4% R 02 3R B & 40
B, R BRI A K R AR, Y G
A At AR, At A NALAE R R 15 B A TE R R AT,
FWAE B X0 R 5 nEEMRREMES T 5
FRHA; BRETHEREKERE X RS
FTERBRZHY R, 2 8 X2 B RIIE

EAERETEM ESEE DA A T
X A & B AR B B RS AT AR E AR, b H A
F mCTA 19 % W A 15 B Rk A, 1B ERKATA LA H
ERBA NS, HILZ T, % & Transformer
S RAEMET HEE NS E R EE LR
KF, EERNEHRIRE XS EE XKL BT E
HRERS, B TEELERE, SHEAES
TR EE MUK, BET S T A AR A AR A IR
W AU R =,

WM, FREMEZEEGE S, BHEFXRE
HEFHZ B ENHEENNE LR, AFRHEE
AfxEE TSN, FEIESAN TENSH
A 12 B B4, T Transformer # 3 ¥ A F| TH 4 &
ZHEAGRBERB AR, BITHZA—BFEESHT
BUIFM R A T EESBAR, &XER AN L
RAZ B AT A B AR XA B4 AR — I
42 RS SN RIS P A KA S B,
4.2.1 FAEAGGE S HIATM U SR A % B
%%, & & CTA.mCTA NCCT ##EH R, H “F
RO BEAR L LA RE, FREAENSE TR
DL S D B KR4, AT AR KR A
HRESATENE N, EEARXEBH. HIFHE
Fad R K Z M — R, BEREREES ALY
PR AR R EERIC,

422 SEBFHE L SR A —30 X
M m, st E, AR EAECTA F kI
ZRAE, FREFIEUBTRHRILLE L FH
BRAED R E | th B ROT B R £
RH—FREMNLTACTES -5, BHEHIH
G L EBED

423 BEpizALRE 5 . BUREETCE R R E R
EE#EBWN., EFAEHFTE, RE& TAREERE
NEEFENZR2FHREEZL Y, EEAEMS
HHELWERIRETHED RECAFRER
BELFONE, HREFEALREEETINE%E
ZAK, 5T & 8w WAL R DL SR I R A Bl
[

424 BRZ G5 —M % bR CTA. mCTA.
DSA B 7l 77 % M U X 3F K & (4w Tan 3F 2,
Maas iF 7. ASITN/SIR il Z %% ) , *f “B4F” 0
TR MIRENEXERAL, BHilAirs
FEAERIT S — M, R P E TS



WEREEI A 2026 4R 4 H, $ 478

.« 431 -

B ZERASBRER T, RAYRE
FAMZBMIFFENEERHEED,
43 FEFIM IR FAEEA G AL B E
AR REFREF N IRAZE NI+ 69 LA
M TREMY, BEALZTHARKIET LELH
VREAEL R PR ERN,

EHETmCTAW BN I RESF, AHAR
KHAMCTARABER Y EGRENF LA, &
3T CNN [& b A 2 fk . 20 8 k. & Ik R oE
R R AR, A RE 5 FR” MRk
BWHH kD, SHAEEESHFEELE
BEuR Y A X IER 1 A A0 0E 0 A M AR A R
AT A CTA R I F 5 oy H 5 A e i

BT ETFmCTAHHFRNERFT 5 LK
FREREMEET, FEHERSRATERYH
BRSRMNTLRERME, LI B/ &
527 IR AWESHACY ARiTEd, %
A 3k 2] 0.746 #y M # £ A1 0.70 B9 AUC 18, & 1
HHAmCTA B4 —E REFI MR # S, %, @
THAMNEAR L2 5 AT Tan i 08 — B M iT
i, R A8 A 1 F #E— Bk,

V&AM RS, T ST B AT A I ey
L 36 A F T fk . A #F % AR DSC-MRI % i E &
RIS A F R AE, WAL N BREEF T WL U
MDSA M L = Z bR A(2, #% ., g™,
WAAEX2BEREL (£, RIF) HERIAAXT
F, Bt PET IR E R, REEED
HFREF IR T H 24K DSA, # L E TR
= XEFELERGNES,

EREY A ET, =% Siamese W %4 78 #
T ANCCT # % ] ifn & fig 3 2k 5 3¢ ] 2 2k 69 20
. OHEREMESR, BRI ARk,
ZHEERT/IFEERRM I ARBEH 2 EE
SHRIANF, FEFRREATHEAELE, £W
NCCT 1 h 2 & T X RERSHEEY &
FHRREAR, FRER AT PG HIPERET
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BEKE, XBH RS A £ T mCTA, # ik
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B . EESHFETRESD A ETUIRER
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WE., BAESHREE XA 25, RHEAELK

Akt fy, (8 BAEAE — BRI TR B o
G IEE 2 IR SRR
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TG IR SR AR T M A R T B
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AR . BT RS T U RS IE
RIfERAEN R RELFRETT,

F—, ZHOEBEER GAE ARG ERA
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