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Introduction

Neuroimaging is an integral part of acute stroke management. 
It can be used to confirm the diagnosis and to guide acute treat-
ment options by excluding acute hemorrhage, confirming vessel 
occlusion or stenosis, assessing tissue viability with perfusion es-
timates, and evaluating collateral circulation.1 Recent advances 
in neuroimaging modalities have helped identify patients who 
may or may not benefit from endovascular treatment (EVT).2-4

Imaging played a critical role in the selection of patients into 
acute ischemic stroke (AIS) randomized controlled trials (RCTs), 
both in the early and late windows of patient presentation.5 After 
their publication, the 2019 American Heart Association/American 

Stroke Association (AHA/ASA), the European Stroke Organization, 
Korean Stroke Guidelines, Chinese Stroke Association, and Cana-
dian Stroke Guidelines were updated to recommend obtaining 
advanced or multimodal imaging for EVT patient triage and se-
lection especially for late window treatment.6-10 Other guidelines, 
such as from the Society of Vascular and Interventional Neurol-
ogy, have not been as stringent.11 However, advanced imaging is 
not widely available, particularly in low- or middle-income coun-
tries and primary stroke centers,12 and is potentially associated 
with treatment delay and increased cost.13,14 In addition, there is 
a lack of standardized imaging protocols and a variety of quali-
tative and quantitative (automated) methods for assessing ce-
rebral perfusion in AIS.15 These varying algorithms and technol-

Review

Journal of Stroke 2023;25(1):55-71
https://doi.org/10.5853/jos.2022.03286

Neuroimaging of Acute Ischemic Stroke: Multimodal 
Imaging Approach for Acute Endovascular Therapy
Mohamad Abdalkader,a James E. Siegler,b Jin Soo Lee,c Shadi Yaghi,d Zhongming Qiu,e  
Xiaochuan Huo,f Zhongrong Miao,f Bruce C.V. Campbell,g Thanh N. Nguyena,h

aDepartment of Radiology, Boston Medical Center, Boston, MA, USA 
bCooper Neurological Institute, Cooper University Hospital, Camden, NJ, USA
cDepartment of Neurology, Ajou University Hospital, Ajou University School of Medicine, Suwon, Korea
dDepartment of Neurology, Brown University, Providence, RI, USA 
eDepartment of Neurology, The 903rd Hospital of The Chinese People’s Liberation Army, Hangzhou, China
fDepartment of Interventional Neuroradiology, Beijing Tiantan Hospital, Capital Medical University, Beijing, China
gDepartment of Medicine and Neurology, Melbourne Brain Centre at the Royal Melbourne Hospital, University of Melbourne, Parkville, Victoria, 
Australia
hDepartment of Neurology, Boston Medical Center, Boston, MA, USA

Advances in acute ischemic stroke (AIS) treatment have been contingent on innovations in 
neuroimaging. Neuroimaging plays a pivotal role in the diagnosis and prognosis of ischemic stroke 
and large vessel occlusion, enabling triage decisions in the emergent care of the stroke patient. 
Current imaging protocols for acute stroke are dependent on the available resources and clinicians’ 
preferences and experiences. In addition, differential application of neuroimaging in medical 
decision-making, and the rapidly growing evidence to support varying paradigms have outpaced 
guideline-based recommendations for selecting patients to receive intravenous or endovascular 
treatment. In this review, we aimed to discuss the various imaging modalities and approaches used 
in the diagnosis and treatment of AIS.

Keywords Acute stroke; Endovascular treatment; Neuroimaging

Correspondence: Mohamad Abdalkader
Department of Radiology, Boston 
Medical Center, One Boston Medical 
Center Place, Boston, MA 02118, USA
Tel: +1-617-614-4272
E-mail: mohamad.abdalkader@bmc.org
https://orcid.org/0000-0002-9528-301X

Received: October 15, 2022
Revised: December 19, 2022
Accepted: January 4, 2023

http://crossmark.crossref.org/dialog/?doi=10.5853/jos.2022.03286&domain=pdf&date_stamp=2023-01-31


https://doi.org/10.5853/jos.2022.03286

Abdalkader et al.  Acute Stroke Imaging

56 https://j-stroke.org

ogy can provide different estimates of tissue destined to infarct 
(termed ischemic core) and tissue at risk of infarction (termed 
ischemic penumbra). In this review, we discuss the advantages 
and limitations of the current state of neuroimaging in the diag-
nosis and treatment of AIS.

CT-based imaging 

Non-contrast CT
Computed tomography (CT)-based imaging remains the most 
common imaging modality to evaluate patients presenting with 
acute stroke symptoms. It is easily available, safe, and fast which 
is critical in acute stroke management. CT has high sensitivity for 
the detection of intracerebral hemorrhage. However, apart from 
hyperdense arteries that may indicate acute thrombus, the brain 
parenchyma is often normal on CT in the early few hours after 
AIS.16 Early ischemic changes (loss of the grey-white matter dif-
ferentiation or effacement of the cortical sulci) can be seen in 
approximately 30% of patients with anterior circulation large 
vessel occlusion (LVO) within the first 3 hours,16 and 60% within 
the first 6 hours after symptom onset (Figure 1).17 The Alberta 
Stroke Program Early CT Score (ASPECTS) is a semi-quantitative 
score used to summate the extent of early ischemic changes in 
the middle cerebral artery (MCA) territory on non-contrast CT 
(NCCT) scan (Figure 2).18 Most EVT RCTs published in 2015 (except 
MR CLEAN [Multicenter Randomized Clinical Trial of Endovas-
cular Treatment for Acute Ischemic Stroke in the Netherlands]) 

required an ASPECTS of 6 or greater to be eligible for inclusion 
in the trial.19 A meta-analysis of the pooled data from the five 
landmark studies published in 2015 showed a benefit of throm-
bectomy in patients with ASPECTS ≥6 and therefore an ASPECTS 
6–10 is considered a surrogate marker of small infarct volume 
and a strong predictor of favorable clinical outcome after EVT for 
LVO.20 The AHA/ASA guidelines recommend mechanical throm-
bectomy for patients with LVO and ASPECTS ≥6 who present 
within 6 hours of last known well time based on pre-specified 
inclusion criteria from randomized trials, without additional ad-
vanced imaging.6 

Moreover, the benefit of EVT over medical management was 
observed in patients with ASPECTS scores ranging from 3 to 5 
after central adjudication of imaging from the early window EVT 
trials.21 The RESCUE-Japan LIMIT (Recovery by Endovascular Sal-
vage for Cerebral Ultra-acute Embolism Japan Large IscheMIc 
core Trial) was the first published randomized clinical trial that 
evaluated the efficacy and safety of EVT in patients with LVO and 
an established large infarct (ASPECTS of 3 to 5). Patients selected 
within 6 hours of arrival were eligible with a CT ASPECTS of 3–5, 
while patients in the 6 to 24 hour window were eligible if their 
diffusion-weighted imaging (DWI)-ASPECTS was 3–5 and they 
had no fluid-attenuated inversion recovery (FLAIR) correlate. In 
this population, better outcomes were observed at 90 days in pa-
tients who underwent EVT versus medical management (rate of 
modified Rankin Scale [mRS] 0–3, 31.0% vs. 12.7%, P=0.002).22 

Despite its widespread use, the limitations of ASPECTS include 

A B C

Figure 1. Early ischemic changes seen on (A) axial non-contrast head computed tomography (CT) as loss of the grey matter density of the right insula, part of 
the lenticular nucleus, and the right fronto-temporal regions. These changes are better seen on (B) the axial CT angiogram (CTA) source images and (C) the 
diffusion-weighted magnetic resonance imaging images as areas of reduced diffusion. Scarce collaterals are noted in the right middle cerebral artery territory 
on (B) the CTA source images.
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its relatively low sensitivity and inter-rater reliability for the de-
tection of early ischemic changes.23 CT angiogram (CTA) source 
image and DWI-ASPECTS are more sensitive than NCCT ASPECTS 
in the detection of early ischemic changes and prediction of fi-
nal infarct volume (Figure 1).24 

A posterior circulation version of the ASPECTS has been de-
veloped (the pc-ASPECTS), and has been shown to predict func-

tional outcome in posterior circulation stroke (Figure 3).25 While 
the pc-ASPECTS can be calculated from an NCCT brain, beam 
hardening artifact in the posterior fossa and poor spatial resolu-
tion of brainstem structures are major limiting factors, but accu-
racy is improved when calculated based on CTA source images.25,26

Recently, two RCTs (ATTENTION [Endovascular Treatment For 
Acute Basilar Artery Occlusion] and BAOCHE [Basilar Artery Oc-

Figure 2. The Alberta Stroke Program Early CT Score (ASPECTS) consists of 10 specific regions of the middle cerebral artery (MCA) territory on a non-contrast 
axial head computed tomography at two levels: (A) the basal ganglia level and (B) the body of the lateral ventricles level. At the basal ganglia level, the fol-
lowing regions are assessed: caudate (C), internal capsule (IC), lentiform nucleus (L), insula (I), frontal MCA cortex (M1), anterior temporal MCA cortex (M2), 
and posterior temporal MCA cortex (M3). At the supraganglionic level, the following regions are assessed: anterior frontal MCA cortex (M4), lateral frontal 
MCA cortex (M5), and posterior frontal MCA cortex (M6). 

A B

A B C

Figure 3. The posterior circulation Acute Stroke Prognosis Early Computed Tomography Score (pc-ASPECTS) is a score derived from evaluating eight distinct 
regions for evidence of early ischemic changes in the posterior circulation territories as shown on (A-C) three axial slices of a non-contrast head computed 
tomography. The superimposed numbers indicate the point values assigned to each region. Specifically, the midbrain and pons each account for two points in 
the scoring system, while the bilateral cerebellar hemispheres, bilateral thalami, and bilateral occipital lobes account for one point each. 
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clusion Chinese Endovascular]) evaluating EVT versus best medi-
cal therapy in patients presenting with acute basilar artery oc-
clusion (BAO) showed high rates of successful recanalization, 
improved outcome, and decreased mortality up to 24 hours af-
ter estimated symptom onset.27,28 These two trials were the first 
to use an imaging scoring system in the selection of patients into 
the trial.29 In ATTENTION, BAO was confirmed on CTA, magnetic 
resonance angiography, or digital subtraction angiography (DSA) 
within 12 hours after the estimated time of stroke onset and 
patients were included if they had a pc-ASPECTS of ≥6 points 
among patients younger than 80 years of age and a score of 
≥8 points among those 80 years of age or older. In BAOCHE, pa-
tients were included if they had a pc-ASPECTS of ≥6 on NCCT, 
CTA-source images or DWI, or Pons-Midbrain Index of ≤2 points. 
In both the ATTENTION and BAOCHE trials, the extent of early 
ischemic changes was limited. In ATTENTION, the median pc-
ASPECTS was 9 in the EVT group and 10 in the control group. In 
BAOCHE, the median pc-ASPECTS was 8 in both EVT and con-
trol groups.27,28

In addition to the evaluation of the brain parenchyma, the NCCT 
brain is also helpful to determine the thrombus location, density, 
composition, and length. The “hyperdense artery sign” represents 
the red blood cell (RBC) rich intra-luminal thrombus and is con-
sidered a surrogate of arterial obstruction (Figure 4). The hyper-
dense artery sign is highly specific (95%) for MCA occlusion ac-
cording to some reports30 but can only be visualized in 30%–52% 
of MCA occlusions on routine 3–5 mm source images.30,31 Thin 
slice reformats (1 mm) increase this sensitivity to approximately 
90%.32 In clinical practice, a hyperdense vessel can appear sim-
ilar to calcified intracranial atherosclerosis and sometimes be 
misinterpreted as hemoconcentration, therefore it must be inter-
preted in the appropriate clinical context. The hyperdense vessel 
sign can also be identified in M2 occlusions (known as the “dot 
sign”), BAO, or any newly occluded blood vessel (Figure 4).33-36 For 
patients who are unable to undergo non-invasive vascular im-
aging, the “hyperdense vessel sign” can guide decisions for EVT.7 
Knowledge of these clot factors can provide insights into stroke 
etiology and can impact the choice of revascularization tech-
niques. The RBC rich thrombi are easier to retrieve by stent re-
triever technique and have higher chance of recanalization with 
fibrinolytic therapies due to their decreased stiffness, greater per-
meability, and less friction with the vessel wall. This contrasts 
with fibrin-rich thrombi which are more adherent and have higher 
friction with the vessel wall.37 RBC rich thrombi are also more 
prone to fragmentation, highlighting the potential need for proxi-
mal flow arrest with balloon guide catheters.38,39 

CT angiogram
CTA plays a critical role in the detection of LVO for AIS and the 
historical success of RCTs published after 2014. The 2013 LVO 
RCTs did not demonstrate a benefit of EVT for LVO, in part, due 
to inclusion of patients who did not harbor an intracranial oc-
clusion despite elevated National Institutes of Health Stroke 
Scale (NIHSS) on presentation.40-42 The subsequent AIS clinical 
trials required inclusion of patients with LVO that was confirmed 
by non-invasive vascular imaging (usually CTA), thus enriching 
the population to those who might benefit from EVT.19 CTA in-
forms the presence, site, permeability, and length of vessel oc-
clusion, as well as the collateral circulation (Figure 5).43-45 Collat-
eral vessel status is a valuable and sometimes underappreciated 
surrogate for infarct growth, and can be useful for the early iden-
tification of “rapid progressors” or patients with a high probability 
of rapid growth of irreversible tissue injury.43,46 However, single 
phase CTA is often timed at peak arterial phase when the contrast 
may not have yet opacified collateral vessels and may therefore 
underestimate the extent of collateral blood flow. CTA can aid 
in understanding the underlying pathophysiology of the stroke, 
including arterial dissection, carotid or intracranial atherosclero-
sis, carotid web, and intracranial vasculopathy (Figure 6).35,36,47-49 
The ability to discern carotid pseudo-occlusion from a carotid ter-
minus occlusion versus tandem proximal internal carotid artery 
(ICA) atherosclerotic occlusion remains a limitation of CTA, even 
when adjudicated by experienced radiologists.50 CTA evaluating 
the head and neck vessels informs neurointerventionalists who are 
planning an endovascular procedure on the access of an intracra-
nial target, including bovine or hostile aortic arch and whether 
radial or femoral arterial access is more appropriate.51,52 CTA 
source images are also better to adjudicate ASPECTS in the an-
terior and posterior circulations.24 However, radiation exposure, 
cost, and ionized contrast media are to be considered, especially 
when CT perfusion (CTP) is added to the protocol.53,54

CTA (also using thin-section CT) is also useful in clot imaging. 
Thrombus perviousness (also known as permeability), the de-
gree to which contrast agents penetrate the thrombus on CTA, 
has been associated with cardioembolic source of clot55 and 
with improved functional and angiographic outcomes after EVT 
and increased reperfusion after tissue plasminogen activator 
administration.56,57

Multiphase CTA 
Multiphase CTA can be used to evaluate the collateral circulation 
with greater accuracy than single phase CTA as it is less dependent 
on contrast timing.58,59 The cerebral collateral circulation is a net-
work of vascular channels that sustains blood flow to the ischemic 
regions in case of failure of the principal conduits (Figure 5).1,60 
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Collateral blood vessels comprise extracranial (external carotid 
artery branches), and intracranial routes (communicating arteries 
of the circle of Willis and leptomeningeal collaterals). Leptomen-
ingeal collaterals consist of pre-existing collateral routes be-
tween the cortical vessels that may be recruited in the event of 
a proximal occlusion). Collateral circulation has an important role 
in the AIS evolution, management, and prognosis.61,62 Good col-
lateral circulation maintains the blood supply to the penumbral 

area in the acute stage and is associated with higher recanaliza-
tion rate, smaller infarct volume, lower rate of hemorrhagic trans-
formation, and better neurological outcome after medical treat-
ment or EVT.63,64

Although DSA is considered the gold standard for dynamic 
evaluation of the collateral circulation, CTA is a commonly used 
modality to evaluate the collateral status before EVT. Several col-
lateral scores on single or multiphase CTA have been described 

A

C

B

D

Figure 4. Examples of hyperdense vessel signs (white circles) on non-contrast axial head computed tomography in (A) the M1 segment of the right middle 
cerebral artery, (B) M2 segment of the left middle cerebral artery, (C) the basilar artery, and (D) the anterior cerebral artery. 
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in AIS.65,66 The collaterals on the affected side are usually com-
pared to the contralateral side and they are generally catego-
rized as absent, less, equal, or greater collaterals compared to the 
other side. These scores have been shown to be predictors of clin-
ical outcomes after EVT. Several societal guidelines recommend 
assessing collateral status when selecting patients for EVT.9,67 
The use of collateral-based imaging using multiphase CTA com-
pared well with CTP-based blood flow measurements in predict-
ing final tissue fate68 and in selecting patients for EVT in the 
late window.69 The “Endovascular Treatment for Small Core and 
Proximal Occlusion Ischemic Stroke (ESCAPE)” trial showed that 
a collateral-based imaging paradigm was capable of selecting 

patients with LVO who would benefit from EVT up to 12 hours 
from onset/last known well. However, it is important to note pa-
tients with no or minimal collaterals on multiphase CTA were 
excluded from the ESCAPE trial.70

Multiphase CTA is readily available at many centers which uti-
lize CTA and requires no additional contrast material or post-
processing software. It may improve the sensitivity to detect ves-
sel occlusion, the length of clot and potentially the extent of 
ischemic core.71 The typical 3-timepoint multiphase CTA requires 
rescanning of the patient’s head twice after the initial CTA ac-
quisition, increasing the radiation dose. However, the mean ef-
fective dose of multi-phase CTA was estimated approximately 

A

E F G

B C D

Figure 5. Collateral circulation in acute ischemic stroke. (A) CT angiograpy source images in a patient with left M1 occlusion showing dark left middle cere-
bral artery (MCA) territory due to lack of collaterals that were confirmed on (B) angiogram. Despite (C) complete recanalization, (D) there was progression to 
large left MCA infarct. Paucity of collaterals indicates a high probability of tissue infarction despite successful recanalization, and correlates strongly with hy-
poperfusion estimates on advanced neuroimaging. (E) Anteroposterior angiogram of a right internal carotid artery injection showing an abrupt cut-off of the 
M1 segment of the right MCA. There are significant leptomeningeal collaterals (white circle) from the right anterior cerebral artery to the right MCA territory. 
(F) Complete reperfusion was achieved with (G) very small infarction of the lenticular nucleus.
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20% above that of single phase CTA, compared with 70% added 
dose for CTP.59,72 Additional limitations of multiphase CTA include 
the suboptimal assessment of collateral status in case of poor 
hemodynamics (e.g., heart failure) and in case of flow-limiting 
stenosis in the neck vessels that can potentially delay opacifica-
tion of pial vessels in both ischemic and non-ischemic tissue.71

CT perfusion 
The main goal of perfusion imaging in patients with AIS is to iden-
tify patients with small regions of critical hypoperfusion (often 
termed “ischemic core”), which is commonly estimated using a 
relative cerebral blood flow (rCBF) threshold of <30% of that in 
normally perfused brain tissue. Differentiating the ischemic core 
from the surrounding penumbra is crucial for tailoring treatment 
strategy for patients with AIS. The estimation of irreversible in-
jury based on reduced blood flow relies on assumptions about 
the duration of reduced flow. In clinical practice, the reduced flow 
has generally been present sufficiently long to induce irrevers-
ible injury. However, in patients with fluctuating blood flow or 

very fast reperfusion, the rCBF <30% threshold may overestimate 
the extent of irreversible injury.73 This is more common in regions 
of white matter,74 which may remain viable for longer periods 
when compared to grey matter although it is designated as “isch-
emic core” on perfusion maps. In addition to identifying regions 
of critical hypoperfusion, perfusion imaging may also estimate 
regions of tissue at risk of infarction in the absence of reperfu-
sion (termed the ischemic penumbra). Penumbra is the hypoper-
fused area surrounding the ischemic core (critically hypoperfused 
region with irreversible damage). The penumbra can be salvaged 
if perfusion is improved, or it can progress to tissue infarction if 
blood flow is not restored. Penumbra is identified using a threshold 
of >6 seconds in time-to-maximum residue function (Tmax).75 
This improves estimates compared to visual assessments as the 
perfusion abnormality includes benign oligemia that is not at 
risk of infarction. However, this too is a probabilistic threshold. 
Generally, such a delay in contrast transit is insufficient to cause 
irreversible ischemia, but it may be sufficient to cause focal ce-
rebral dysfunction until perfusion may be restored. The more se-

A B

C

D

Figure 6. Patient presented with an acute occlusion of the middle cerebral artery (arrowheads on A and C). There is also a shelf-like filling defect of the poste-
rior aspect of the carotid bifurcation (white arrows on A and B), consistent with a carotid web which is an underappreciated cause of embolic stroke. Image 
on (A) is a 3D volume rendering reconstruction of a CT angiogram of the neck. Images on (B), (C), and (D) consist of cerebral angiograms. 
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vere the delay, the greater the risk of infarction without reper-
fusion. Of note, perfusion imaging is increasingly automated, with 
volumetric outputs generated minutes following image acquisi-
tion. Several automated CTP software applications have been 
developed to provide support in the definition of ischemic core 
and penumbra in AIS. However, the available software packages 
can vary substantially in their output.76 In addition to estimat-
ing tissue viability, perfusion imaging increases the diagnostic 
accuracy for acute stroke and provides prognostic information 
regarding functional outcome.75 

The presence of a favorable perfusion profile (mismatch be-
tween small rCBF <30% volume and large Tmax >6 seconds le-
sion or severe clinical presentation) indicates that rapid reper-
fusion is likely to salvage substantial brain tissue and was the 
basis of selection in the DAWN (DWI or CTP Assessment with 
Clinical Mismatch in the Triage of Wake-Up and Late Present-
ing Strokes Undergoing Neurointervention with Trevo), DEFUSE-3 
(Endovascular Therapy Following Imaging Evaluation for Isch-
emic Stroke), and EXTEND (Extending the Time for Thrombolysis 
in Emergency Neurological Deficits) trials that extended EVT and 
intravenous thrombolytic beyond standard time windows. An 
alternative approach for patients with unknown onset time is to 
use a mismatch between abnormal diffusion but normal FLAIR 
magnetic resonance imaging (MRI) to infer that a patient is likely 
to be in the first 4.5 hours after stroke onset. DWI-FLAIR mis-
match was used in the WAKE-UP (Efficacy and Safety of MRI-
Based Thrombolysis in Wake-Up Stroke) trial to extend throm-
bolytic eligibility in patients with stroke on awakening.77,78 

Perfusion imaging was used in two of the early window LVO 
trials79,80 but became more widespread after the release of the 
DAWN and DEFUSE-3 trial results which used perfusion for selec-
tion of patients for thrombectomy versus medical management.12

When added to unenhanced imaging, perfusion imaging can 
facilitate the diagnosis and triage of AIS in several ways. Perfusion 
imaging can enable the detection of distal and posterior circula-
tion vessel steno-occlusive disease using the Tmax maps.36,48,81,82 
Perfusion imaging may further help identify a subset of patients 
with a large region of established infarct who may benefit from 
EVT when there remains considerable tissue at risk.83 In the event 
of multiple intracranial occlusions or stenosis, perfusion imaging 
may identify the symptomatic site (Figure 7), provided the refer-
ence artery selected for the arterial input function is physiologi-
cally appropriate.84 Importantly, partial or complete reperfusion of 
infarcted tissue may elevate CBF above the threshold for ischemic 
core and this can be recognized if there is NCCT hypodensity.85

CTP radiation exposure is a consideration in younger patients 
but is reducing with hardware advances (e.g., use of lower CT 
tube voltage, 70 kV). If using CTP, it is important to make treat-

ment decisions in parallel to avoid treatment delay. Thrombo-
lytic decisions within 4.5 hours can be made on clinical and NCCT 
grounds in many cases, but the additional diagnostic and prog-
nostic information from CTP can assist in cases of uncertainty. 
Likewise, EVT decisions can often be initiated based on a severe 
clinical syndrome with a hyperdense proximal artery, but the ad-
ditional information from CTA and CTP can assist in procedural 
planning and more finely balanced risk and benefit scenarios, 
such as in patients with moderate or large core infarct, distal ves-
sel occlusion, or co-morbidities. Cost related to post-processing 
software is a consideration in some environments and availabil-
ity varies widely. In some regions (e.g., Australia), CTP is routine 
at primary stroke centers but in the United States, as well as low- 
and middle-income countries, it is less used outside comprehen-
sive stroke centers.8,9,12 The value of the additional diagnostic 
information gained by perfusion imaging should be weighed 
against potential treatment delays, cost of CTP, and added ra-
diation exposure.43

MRI-based imaging

MRI-based imaging offers some advantages over CT in the eval-
uation of patients presenting with stroke-like symptoms.86,87 
Because DWI-MRI identifies acute cytotoxic edema as tissue 
progresses toward infarction, this modality is highly sensitive for 
detecting infarction and can aid in the selection of patients for 
intravenous thrombolytic or EVT, particularly those presenting in 
the late window.88,89 Despite the high sensitivity of DWI to de-
tect AIS (up to 92%), DWI-negative stroke can be seen in ap-
proximately 8% of AIS patients, especially those with hyper acute 
strokes or small brainstem ischemic lesions.90 DWI hyperinten-
sity can also be reversible, at least temporarily, within 24 hours 
after acute reperfusion treatment. Partial sustained reversibility, 
when there is no evidence of permanent tissue injury on T2 or 
FLAIR imaging in a component of the lesion, may occur in up to 
26.5% of AIS cases.91,92 

In contrast to DWI signal changes, T2/FLAIR prolongation (or 
hyperintensity) results from the increased concentration of wa-
ter in the interstitial spaces (interstitial edema) and it is usually 
present after 4.5–6 hours after stroke onset.93,94 This mismatch 
between positive DWI and negative FLAIR has been used to es-
timate the stroke onset and to select patients who may benefit 
from intravenous thrombolysis in wake up stroke and patients 
with unknown stroke onset.95,96

The use of MRI as the primary modality in patients presenting 
with AIS has increased over the years.97 MRI is as accurate as 
CT for the detection of hyperacute hemorrhage using suscepti-
bility-weighted images (SWI).98 MRI is also more sensitive than 
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CT to detect subtle hemorrhagic changes within the ischemic 
lesion.99 Acute intra-arterial thrombus can cause significant 
blooming on SWI suggestive of LVO (Figure 8). The “susceptibil-
ity vessel sign” on MRI, similar to the “hyperdense vessel sign” 
on CT scan, reflects the dense RBC presence in acute thrombus, 
and these lesions may have better response to stent retriever 
thrombectomy compared to contact aspiration.100,101 Absence of 
these signs may indicate a fibrin-predominant thrombus.100 MRI 
may also predict underlying intracranial atherosclerotic disease 
in LVO in case of the presence of smaller infarct volume and scat-
tered or borderzone infarcts.102,103 

There are no randomized trials comparing MRI versus CT-based 
imaging for selecting acute stroke patients for EVT. Analysis of 
the SWIFT PRIME patients showed a comparable benefit of EVT 
between MRI-based and CTP-based selection despite significantly 
longer time metrics in MRI-selected patients.104 In an analysis of 

over 1,200 patients, MRI-based selection was associated with 
reduced risk of symptomatic intracranial hemorrhage (SICH) after 
EVT but without improved functional outcome compared with 
CT-based selection.105 The reduced risk of SICH is likely related to 
the higher sensitivity of MRI to detect occult hemorrhage, as well 
as the better estimation of the ischemic core before intravenous 
thrombolysis in unknown or unwitnessed stroke.2 In a study of 
2,011 patients (690 patients selected by MRI and 1,321 patients 
selected by CT), MRI-based selection was associated with de-
creased futile recanalization and improved clinical outcomes 
compared to CT-based selection.2 However, it is not known how 
many patients who were excluded from treatment as triaged by 
MRI might have benefited from EVT. Studies comparing CT, CTP, 
versus MRI-based selection should therefore be interpreted with 
caution. 

There are several limitations associated with MRI in the set-

A

C

B

D E F

Figure 7. A patient presented with slurred speech, right arm and leg plegia and numbness. (A) Coronal computed tomography angiogram of the head and (C) 
anteroposterior angiogram showing an occlusion of the A2 segment of the left anterior cerebral artery (ACA) (white arrows) and critical stenosis of the M1 
segment of the left middle cerebral artery (MCA) (white circle). (B) Magnetic resonance imaging (MRI) perfusion images with mean transient time (MTT), ce-
rebral blood flow (CBF), and cerebral blood volume (CBV) showing a core infarct (prolonged MTT with significantly reduced CBF and CBV) in the left ACA terri-
tory and an area of penumbra (prolonged MTT with mildly reduced CBF and preserved CBV) in the left MCA territory. (D) Based on the patient’s clinical pre-
sentation and perfusion images, decision was to proceed with MCA recanalization to salvage the left MCA territory at risk. Intracranial stenting was 
performed with restoration of flow of the left MCA territory. No endovascular treatment was performed of the A2 occlusion because of the complete irrevers-
ible infarction of the ACA territory. (E and F) Follow-up MRI with diffusion-weighted imaging showing an infarction of the left ACA territory with a small fo-
cus of infarction of the lenticular nucleus.
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ting of AIS. While acquisition protocols can be short (e.g., 6 min), 
MRI is less widely available. Some patients have metallic implants 
or are too unstable to be imaged with MRI and screening for me-
tallic implants in stroke patients is challenging. Given the pre-
dominance of CT over MRI in the endovascular trials, the role of 
MRI as first imaging tool should remain limited to sites who can 
perform such studies while maintaining door to reperfusion times 
that are comparable to NCCT/CTA as the first imaging approach.

Early versus late time window imaging 

Acute stroke guidelines do not recommend the routine use of 
advanced imaging in the early time-window (less than 6 hrs) 

because multiple randomized clinical trials on EVT in the early 
time window did not use advanced imaging for patient selection 
and showed a large treatment benefit in this population.6,106 Of 
note, in the SWIFT PRIME trial (Solitaire With the Intention for 
Thrombectomy as Primary Endovascular Treatment), the use of 
perfusion imaging was associated with time delays and did not 
demonstrate improved efficacy of MT.104 

The optimal imaging selection for stroke patients presenting 
in the late window (beyond 6 hours from last seen well) remains 
controversial. Two RCTs (DEFUSE-3 and DAWN) have shown 
overwhelming benefit of EVT in patients presenting up to 16 and 
24 hours from last seen well, respectively.15,95,96,99,102,103,107 Recent 
guidelines have not been as restrictive in the imaging selection 

A

D

B C

E

Figure 8. Magnetic resonance imaging findings in acute ischemic stroke. (A) Axial susceptibility-weighted images showing blooming (white circle) in the right 
Sylvian fissure due to (D) an M2 occlusion (white arrow) that was confirmed on the cerebral angiogram. (B) Axial diffusion-weighted images (DWI) showing 
areas of restricted diffusion with (C) no significant fluid-attenuated inversion recovery (FLAIR) hyperintensities (DWI-FLAIR mismatch). (C) Note of “hyperin-
tense vessels sign” seen on FLAIR as a result of slow or retrograde flow (arrowheads). (E) Mechanical thrombectomy was performed with recanalization of the 
distal M2 occlusion.
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paradigms for late window presenting patients.4,7,8,11,108,109 Both 
the DEFUSE-3 and DAWN trials used CTP over MRI perfusion due 
to its wider availability, faster acquisition, fewer contraindica-
tions, and decreased cost of CT-based images.5,107,110 Both trials 
also used an automated program (RAPID, iSchemaView, Menlo 
Park, CA, USA) to estimate volumes of ischemic core (rCBF <30%) 
and critical hypoperfusion (using Tmax >6 s). This software is 
known to reduce imaging processing/interpretation times and 
reduce inter-operator variability. DEFUSE-3 used perfusion mis-
match to assess the imaging profiles while DAWN used clinical-
core mismatch that was adjusted by age and stroke severity. 
Despite the advantages of advanced imaging demonstrated in 
DEFUSE-3 and DAWN, these benefits were also demonstrated 
for patients who met DEFUSE-3 and DAWN eligibility criteria and 
for the subgroups who did not.111,112 Furthermore, the eligibility 
criteria of the DEFUSE-3 and DAWN trials were strict and exclud-
ed patients from receiving a potentially effective therapy given 
the large treatment effect size.113 In a single comprehensive cen-
ter study, of all patients presenting with AIS, only 1.7% of pa-
tients met DAWN inclusion criteria with an additional 0.6% to 
1% qualifying for the DEFUSE-3 trial.114 Other observational co-
hort studies have since corroborated the positive outcomes fol-
lowing EVT in extended window trial-ineligible patients.4,109,112,115,116

Given the limitations of advanced imaging, more simplified 
imaging protocols could potentially result in the treatment of a 
larger proportion of stroke patients presenting in the late win-
dow while still maintaining the benefit of EVT. Many studies have 
shown that patient selection using ASPECTS on NCCT scan and/or 
the collateral circulation on multi-phase CTA can be a reason-
able alternative to advanced imaging to select patients for EVT 
in the late window.4,13,69,109,117,118 

In a multinational cohort of 1,604 patients presenting with 
LVO in the extended window, patients selected by NCCT had 
comparable clinical and safety outcomes with patients selected 
by CTP or MRI.13 A real-world observational study found that EVT 
may be safe and effective in patients with wake-up stroke and 
late-presenting stroke selected using clinical-core mismatch (high 
NIHSS/high ASPECTS in NCCT).117 MR CLEAN-LATE (MR CLEAN 
for late arrivals) is a multicenter randomized trial that investi-
gated the efficacy of EVT in patients with AIS presenting between 
6 and 24 hours from time last known well based on collateral 
scoring (poor, moderate, or good) on single phase CTA. Prelimi-
nary data presented at the October 2022 World Stroke Congress 
showed better functional outcomes by 90-day mRS in the EVT 
compared to the medical management group (adjusted odds 
ratio 1.68 [95% confidence interval 1.21–2.33]) after selection 
based on the presence of CTA collaterals.119 The pooled data from 
another study that evaluated 608 patients from multiple trials 

and registries showed comparable functional outcomes in pa-
tients selected for EVT in the late window using collateral imag-
ing alone compared with patients selected using perfusion and 
collateral imaging. Of the 608 patients included in the study, 
229/608 patients had only collateral imaging and 379/608 pa-
tients had collateral and perfusion imaging. Independent func-
tional outcome was achieved in 45.5% in the perfusion cohort 
versus 43.9% in the collateral cohort (P=0.71).120 The adoption 
of NCCT and CTA-based imaging selection for the 6- to 24-hour 
time window would also have implications for stroke systems of 
care because this simplified imaging paradigm can be used at 
centers that lack CTP and acute phase MRI capabilities to triage 
patients for EVT without the need for implementing perfusion 
imaging.12,121 While this would expand access, it may not iden-
tify all patients who could benefit from EVT. ASPECTS has lim-
ited correlation with lesion volume and many patients with low 
ASPECTS can have relatively small ischemic core volumes and 
would be eligible for treatment using a mismatch paradigm. 
ASPECTS also has limited applicability outside patients with M1 
occlusion.122 

The safety and clinical outcome of EVT beyond the 24-hour 
time window from ischemic stroke have been reported.123,124 It has 
been shown that EVT can be safely performed in properly select-
ed patients beyond 24-hours from stroke symptoms onset. These 
patients should have a favorable target mismatch perfusion pro-
file that is persistent beyond 24-hours and characterized by a 
lower hypoperfusion intensity ratio and favorable collaterals.124 
However, the optimal imaging selection paradigm for patient 
selection beyond 24 hours remains uncertain. In our experience, 
patients with good ASPECTS scores (clinical-ASPECTS mismatch) 
and/or robust collateral circulation achieve good functional out-
comes at discharge and 90-days. A recent study showed no dif-
ference in functional and safety outcomes between patients pre-
senting beyond 24 hours and selected by NCCT/CTA only versus 
perfusion-based imaging.123 Randomized trials to assess the 
safety and efficacy of EVT beyond 24 hours are warranted.

Ongoing trials with imaging focus

Several clinical trials are currently examining alternative imaging 
modalities in the selection of patients for EVT in the 6-to-24-hour 
window. The RESILIENT-Extend (Randomization of Endovascular 
Treatment with Stent-retriever and/or Thromboaspiration vs. Best 
Medical Therapy in Acute Ischemic Stroke due to Large VEssel 
OcclusioN Trial in the Extended Time Window) (NCT02216643) 
trial will examine the efficacy of thrombectomy for anterior cir-
culation LVO stroke, as compared to medical therapy, within 8 to 
24 hours from last known well. The study will use modified clini-
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cal ASPECTS Mismatch (mCAM); defined as ASPECTS 5–10 with 
criteria based on cortical involvement (M1–6). Eligible patients 
must have intracranial ICA or MCA occlusion, with NIHSS ≥8 
for entry. The study was reported completed in February 2022. 

The NO-CTP (NOn-contrast Computed Tomography Versus 
Computed Tomography Perfusion Selection in Stroke Patients 
for Endovascular Treatment) study (NCT05230914) is a non-in-
feriority randomized clinical trial in China evaluating NCCT com-
pared to CTP in achieving functional independence for patients 
with anterior circulation LVO presenting in the greater than 
6-hour time window from last known well to randomization.

Artificial intelligence and machine 
learning in acute ischemic stroke 

Machine and deep learning algorithms are advanced automat-
ed algorithms that have been adopted in the management of 
acute stroke patients in some centers. Commercially available 
machine learning algorithms have been integrated into clinical 
setting to support the time-sensitive decision-making for rapid 
diagnosis and image analysis; no significant differences have 
been observed between software.125 These algorithms are useful 
to detect LVO, delineate the core, penumbra size and target mis-
match,126 score collaterals,127 classify stroke mechanisms,128 and 
predict outcomes and risk of hemorrhagic transformation after 
EVT in ischemic stroke patients.129,130 The role of machine learn-
ing is evolving and will continue to play a role in the diagnosis 
and management of cerebrovascular diseases in the future. 
Further integration of artificial intelligence and machine learn-
ing in acute stroke care is inevitable. 

Conclusion 

There is no standardization for the imaging protocols for acute 
stroke patients. Efforts to offer endovascular reperfusion thera-
pies to all appropriate candidates may be facilitated by the use 
of simplified imaging selection paradigms with widely available 
basic imaging techniques, such as NCCT and CTA. Advanced im-
aging is not required in the early windows in the acute stroke 
guidelines but may assist in patients with diagnostic uncertainty 
and co-morbidities. In the late window, the decision for intrave-
nous thrombolysis should be based on advanced imaging mo-
dalities. Patients with LVO and target mismatch as assessed by 
multimodal imaging and/or clinical imaging mismatch should re-
ceive EVT. CT alone in patients presenting with high ASPECTS and 
high NIHSS may indicate sufficient eligibility for EVT but may not 
identify all patients who are likely to benefit from reperfusion.
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