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Imaging in Acute Anterior Circulation Ischemic Stroke:
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Clinical trials on acute ischemic stroke have demonstrated the clinical effectiveness of revascu-
larization treatments within an appropriate time window after stroke onset: intravenous throm-
bolysis (NINDS and ECASS-III) through the administration of tissue plasminogen activator within
a 4.5-hour time window, endovascular thrombectomy (ESCAPE, REVASCAT, SWIFT-PRIME, MR
CLEAN, EXTEND-IA) within a 6-hour time window, and extending the treatment time window
up to 24 hours for endovascular thrombectomy (DAWN and DEFUSE 3). However, a substantial
number of patients in these trials were ineligible for revascularization treatment, and treat-
ments of some patients were considerably futile or sometimes dangerous in the clinical trials.
Guidelines for the early management of patients with acute ischemic stroke have evolved to
accept revascularization treatment as standard and include eligibility criteria for the treatment.
Imaging has been crucial in selecting eligible patients for revascularization treatment in guide-
lines and clinical trials. Stroke specialists should know imaging criteria for revascularization
treatment. Stroke imaging studies have demonstrated imaging roles in acute ischemic stroke
management as follows: 1) exclusion of hemorrhage and stroke mimic disease, 2) assessment
of salvageable brain, 3) localization of the site of vascular occlusion and thrombus, 4) estima-
tion of collateral circulation, and 5) prediction of acute ischemic stroke expecting hemorrhagic
transformation. Here, we review imaging methods and criteria to select eligible patients for
revascularization treatment in acute anterior circulation stroke, focus on 2019 guidelines from
the American Heart Association/American Stroke Association, and discuss the future direction
of imaging-based patient selection to improve treatment effects.

Key Words: Acute ischemic stroke; Computed tomography, X-ray; Magnetic resonance
imaging; Angiography; Perfusion; Collateral circulation

complex spatial and temporal events

INTRODUCTION

occurring over minutes or even days.

Ischemic stroke is a major cause of
death and disability worldwide. Isch-
emic stroke arises from compromised
blood supply to the brain by occlusion
of an artery due to hemodynamic fac-
tors or embolic causes, triggering cell
death mechanisms evolving a series of

Within areas of severely reduced blood
flow—the "core” of the ischemic ter-
ritory—excitotoxic and necrotic cell
death occurs within minutes, and tissue
undergoes irreversible infarction in the
absence of prompt reperfusion. Howev-
er, cell death occurs relatively slowly in
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the peripheral zone surrounding the core supported by col-
lateral circulation, termed the “penumbra’, and cell viability is
determined by the degree of ischemia, that is, the degree of
collateral circulation and timing of reperfusion. Therefore, im-
proving functional outcomes by preserving the salvageable
brain with timely reperfusion is the treatment goal of acute
ischemic stroke. Studies over 2 decades have demonstrated
the therapeutic effect of revascularization treatments (intra-
venous thrombolysis [IVT] and endovascular thrombectomy
[EVT]) in acute ischemic stroke and established guidelines
to select eligible patients for revascularization treatments."®
Revascularization treatments are guided by the time from
stroke onset, patient age, the severity of neurologic deficits,
and neuroimaging findings, such as core, penumbra, and
vessel status.® Time is a key factor in applying revasculariza-
tion treatment. IVT, through the administration of recombi-
nant tissue plasminogen activator (rt-PA), is recommended
by the guidelines within 4.5 hours of symptom onset and
EVT within 6 hours with the presence of large vessel occlu-
sion in neuroimaging.8 However, infarct progression is not
entirely time-dependent. Infarction might be complete in
less than 1 hour or may not be complete for hours or days
depending on the collateral circulation, which shows re-
gional and individual variance”'° Therefore, revascularization
treatments can be futile or even dangerous when performed
in the standard optimal time window but could be useful if
performed in a later time window."" Studies have shown
that a large core combined with poor collaterals is a strong
predictor of an unfavorable response to revascularization
treatments, hemorrhagic complications, and poor functional
outcome.* Hence, exclusion of patients with a large core and
poor collateral circulation could prevent futile and danger-
ous revascularization treatments. Conversely, good collateral
circulation can limit core expansion and prolong the time
the penumbra tissue at risk remains salvageable until revas-
cularization treatment. Assessment of parenchyma (hemor-
rhage, core, and penumbra) and vessels (causative vessel and
collateral circulation) by imaging became the cornerstone
in the management of acute ischemic stroke. We review
the imaging methods and criteria in the management of
acute anterior circulation ischemic stroke that focuses on the
2019 guidelines from the American Heart Association (AHA)/
American Stroke Association (ASA)® and discuss challenges
and future directions in acute stroke imaging. The main el-
igibility recommendations for IVT and EVT in patients with
acute ischemic stroke according to the 2019 guidelines from
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the AHA/ASA are summarized in Tables 1 and 2, respective-
ly,2 and the imaging guidelines are summarized in Table 32

Assessment of Brain Parenchyma

Intracranial hemorrhage

The first role of imaging is to diagnose ischemic stroke and
exclude hemorrhagic stroke, which would contraindicate re-
vascularization treatment. Computed tomography (CT) and
magnetic resonance imaging (MRI) based on T2*-weighted
sequences are equivalent in detecting acute hemorrhage
and a target thrombus in an occluded artery (susceptibility
vessel sign).”" MRI has better accuracy for the detection
of small petechial hemorrhagic transformation in infarction
and previous hemorrhage and/or microbleeds. The high
incidence (15-27%) of cerebral microbleeds in patients re-
ceiving IVT has led to concern about the risk of symptomatic
intracerebral hemorrhage in these patients after IVT.® Stud-
ies have consistently reported that the risk of symptomatic
intracerebral hemorrhage in patients with >10 cerebral
microbleeds (30-47%) is significantly greater than that in
patients without cerebral microbleeds.'® A meta-analysis
showed that the presence of cerebral microbleeds is associ-
ated with worse outcomes after IVT compared with patients
without microbleeds.” However. it is unclear whether these
negative effects of cerebral microbleeds fully negate the
benefit of IVT. Considering these studies, the 2019 guidelines
newly recommend the following: IVT is reasonable in eligible
patients who previously have had a small number (1-10) of
cerebral microbleeds and may be reasonable in patients with
>10 cerebral microbleeds if there is a potential for substantial
benefit (Table 1).

Core

Assessment of the core on baseline neuroimaging is crit-
ical to select eligible patients for IVT and EVT (Tables 1, 2).
Noncontrast CT (NCCT) is the most widely used first-line
imaging tool for this purpose because of its advantages of
quick acquisition and easy accessibility. NCCT findings of
the core within a few hours after symptom onset are loss of
gray-white matter differentiation because of a decreased CT
density of gray matter structures. This appears on NCCT as a
loss of distinction between the basal ganglia and adjacent
white matter and as a blending of the densities of the cortex
and underlying white matter in the insula (insular ribbon
sign) and over the convexities (Fig. 1A, B). Sulcal effacement,
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another early NCCT finding, is produced by the subsequent involving more than one-third of the middle cerebral artery
swelling of the gyri. More advanced ischemia induces an (MCA) territory were excluded from revascularization treat-
obviously hypodense core on NCCT, which is considered ment because the patients had a lower chance of good
irreversible tissue damage. Except for eligible patients for outcomes after revascularization treatment (Tables 1, 2).8
IVT within a 3-hour treatment window, patients with a core However, identification of patients following the 1/3 rule

Table 1. Main eligibility recommendations for IVT in patients with acute ischemic stroke from the 2019 guidelines by the AHA/ASA®

Indications
Within 3 hours™ (COR I) * - Age =18 years
« NIHSS score =26
3t0 4.5 hours' (COR I)* - Age >18 years and <80 years

- Without a history of both diabetes mellitus and prior stroke

« NIHSS score =6 and <25

- Not taking any OACs

- Without imaging evidence of ischemic injury involving more than one-third of the MCA
territory: IVT is recommended in the setting of early ischemic changes on NCCT of mild to
moderate extent (other than frank hypodensity)

Wake-up stroke or unclear time of onset  IVT can be beneficial when DWI lesion is smaller than one-third of the MCA territory and no
>4.5 hours from last known normal visible signal change on FLAIR
state or at baseline state (COR lla)*

CMB (COR lla)* - Eligible patients who have previously had a small number (1-10) of CMBs demonstrated on
MRI, IVT is reasonable
- Eligible patients who have previously had a high burden of CMBs (>10) demonstrated on
MRI, IVT may be associated with an increased risk of symptomatic ICH, and the benefits of
treatment are uncertain. VT may be reasonable if there is the potential for substantial benefit

Contraindication

- NIHSS score 0-5 (COR Ill: no benefit)*

+ NCCT: extensive regions of frank hypodensity (COR Ill: no benefit)*

- Acute ICH (COR Ill: harm)*

- Ischemic stroke within 3 months (COR Ill: harm)*

- Severe head trauma within 3 months (COR Ill: harm)*

« Posttraumatic infarction that occurs during the acute in-hospital phase (COR lll: harm)*

- Intracranial/intraspinal surgery within 3 months (COR IlIl: harm)*

« History of ICH (COR lll: harm)*

+ Symptoms and signs most consistent with a subarachnoid hemorrhage (COR IlI: harm)*

« Gastrointestinal malignancy (COR Ill: harm)*

« Gastrointestinal bleeding within 21 days (COR IlI: harm)*

« Coagulopathy: platelet count <1 00,000/mm?, INR >1.7,aPTT >40's, or PT >15 s (COR III: harm)*
- Infective endocarditis (COR IIl: harm)*

- Aortic arch dissection (COR Ill: harm)*

« Intra-axial intracranial neoplasm (COR IlI: harm)*

« Full treatment dose of LMWH within the previous 24 hours (COR Ill: harm)*

- Patients taking direct thrombin inhibitors or direct factor Xa inhibitors (COR Ill: harm)*

« Abciximab should not be administered concurrently with IV rt-PA (COR lll: harm)*

« IV aspirin should not be administered within 90 minutes after the start of IV rt-PA (COR Ill: harm)*

IVT, intravenous thrombolysis; AHA, American Heart Association; ASA, American Stroke Association; COR, class of recommendation;
NIHSS, National Institutes of Health Stroke Scale; OAC, oral anticoagulant; MCA, middle cerebral artery; NCCT, noncontrast computed
tomography; DWI, diffusion-weighted magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery; CMB, cerebral microbleed;
MRI, magnetic resonance imaging; ICH, intracranial hemorrhage; INR, international normalized ratio; aPTT, activated partial prothrombin
time; PT, prothrombin time; LMWH, low-molecular-weight heparin; IV, intravenous; rt-PA, recombinant tissue plasminogen activator.

*COR amended to conform with American College of Cardiology/AHA 2015 Recommendation Classification System: COR | (strong),
benefit>>>risk; COR lla (moderate), benefit>>risk; COR IIb (weak), benefit>risk; COR lll (no benefit), benefit=risk; COR lll (harm),
risk>benefit® "'When uncertain, the onset time should be considered the time when the patient was last known to be normal or at
baseline neurological condition.
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was unreliable in clinical practice due to a considerable lack
of interrater agreement in recognition and quantifying early
ischemic NCCT findings.”® Addressing this limitation, a semi-
quantitative way to report early ischemic NCCT findings, the
Alberta Stroke Program Early CT Score (ASPECTS), was devel-
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oped.”’ ASPECTS evaluates the presence of early ischemic
NCCT findings (loss of gray-white matter differentiation and
sulcal effacement) in 10 regions of the MCA territory: 4 for
subcortical structures (caudate, lentiform, internal capsule,
insula) and 6 for cortical structures that are labeled M1-M3 at

Table 2. Main eligibility recommendations for EVT in patients with acute ischemic stroke from the 2019 guidelines by the AHA/ASA®

Indications

Within 6 hours' (COR N)* « Prestroke mRS score of 0 to 1

- Causative occlusion of the ICA or MCA segment 1 (M1)

- Age =18 years
« NIHSS score =6
« ASPECTS of =6

- Treatment can be initiated (groin puncture) within 6 hours of symptom onset

Within 6 hours' (COR llb)* - Causative occlusion of the MCA segment 2 (M2) or MCA segment 3 (M3)
- MRS score >1, ASPECTS <6, or NIHSS score <6, and causative occlusion of the ICA or M1
- Causative occlusion of the anterior cerebral arteries, vertebral arteries, basilar artery, or posterior

cerebral arteries

Concomitant with IVT (COR 1)* - Patients eligible for IVT should receive IV rt-PA even if EVT is being considered (COR I)*
- In patients under consideration for EVT, observation after VT to assess for clinical response should

not be performed (COR Ill: harm)*

6 to 16 hours of last known - Follow DAWN'? or DEFUSE 32 eligibility criteria

normal state (COR I)* - DAWN eligibility criteria

- 6-24 hours after last known normal state

- Age =18 years
- NIHSS score =10

- Prestroke mRS score of 0 or 1

- Infarct involving <1/3 MCA territory by CT or DWI

- Occlusion of the ICA and/or MCA (M1)

- Mismatch between the severity of the clinical deficit and the infarct volume
A. Age >80 years, NIHSS score >10 and infarct volume <21 mL
B. Age <80 years, NIHSS score >10 and infarct volume <31 mL
C. Age <80 years, NIHSS score >20 and infarct volume <51 mL

- DEFUSE 3 eligibility criteria

- 6-16 hours after last known normal state

- Age 18-90 years
- NIHSS score =6
- Prestroke mRS score <2

- Infarct involving <1/3 MCA territory by CT or DWI
- Occlusion of the ICA and/or MCA (M1)

- Imaging criteria
A.Volume of core <70 mL

B. Ratio of volume of penumbra to core >1.8

C.Volume of penumbra >15 mL
16 to 24 hours of last known - Follow DAWN'? eligibility criteria

normal state (COR lla)*

EVT, endovascular thrombectomy; AHA, American Heart Association; ASA, American Stroke Association; COR, class of recommendation;
mRS, modified Rankin Scale; ICA, internal carotid artery; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale;
ASPECTS, Alberta Stroke Program Early CT Score; CT, computed tomography; IVT, intravenous thrombolysis; IV, intravenous; rt-PA,
recombinant tissue plasminogen activator; DWI, diffusion-weighted magnetic resonance imaging.

*COR amended to conform with American College of Cardiology/AHA 2015 Recommendation Classification System: COR | (strong),
benefit>>>risk; COR Ila (moderate), benefit>>risk; COR llb (weak), benefit=risk; COR Ill (no benefit), benefit=risk; COR Il (harm),
risk>benefit® "'When uncertain, the time of onset time should be considered the time when the patient was last known to be normal or at

baseline neurological condition.
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Table 3. Imaging recommendations for IVT and EVT in patients with AIS from the 2019 guidelines by the AHA/ASA®

Brain imaging

COR*

New, revised, or unchanged

Initial imaging

1.

3.
4.
5.

All patients with suspected acute stroke should receive an emergency brain imaging
evaluation on first arrival to a hospital before initiating any specific therapy to treat AIS

Systems should be established so that brain imaging studies can be performed as quickly as
possible in patients who may be candidates for IVT or EVT or both

NCCT is effective to exclude ICH before IVT
MRl is effective to exclude ICH before IVT
CTA with CTP or MRA with DWI with or without MRP is recommended for certain patients

VT eligibility

1.

Administration of rt-PA in eligible patients without first obtaining MRI to exclude CMBs is
recommended

In patients eligible for IVT, because the benefit of therapy is time-dependent, treatment
should be initiated as quickly as possible and not delayed for additional multimodal
neuroimaging, such as CTP and MRP

In patients with AlS who awoke with stroke symptoms or have unclear time of onset >4.5
hours from last known normal state or at baseline state, MRI to identify DWI-positive FLAIR-
negative lesions can be useful for selecting those who can benefit from IVT within 4.5 hours
of stroke symptom recognition

EVT eligibility-vessel imaging

1.

For patients who otherwise meet criteria for EVT, noninvasive vessel imaging of the
intracranial arteries is recommended during the initial imaging evaluation

For patients with suspected LVO who have not had noninvasive vessel imaging as part
of their initial imaging assessment for stroke, noninvasive vessel imaging should then be
obtained as quickly as possible (e.g., during rt-PA infusion if feasible)

In patients with suspected intracranial LVO and no history of renal impairment, who
otherwise meet criteria for EVT, it is reasonable to proceed with CTA if indicated before
obtaining a serum creatinine concentration

In patients who are potential candidates for EVT, imaging of the extracranial carotid and
vertebral arteries, in addition to the intracranial circulation, may be reasonable to provide
useful information on patient eligibility and endovascular procedural planning

It may be reasonable to incorporate collateral flow status into clinical decision-making in
some candidates to determine eligibility for EVT

EVT eligibility-multimodal imaging

1.

When selecting patients with AlS within 6 to 24 hours of last known normal status who have
LVO in the anterior circulation, obtaining CTP or DWI, with or without MRP, is recommended
to aid in patient selection for EVT, but only when patients meet other eligibility criteria from
one of the RCTs that showed benefit from EVT in this extended time window

When evaluating patients with AIS within 6 hours of last known normal status with LVO and
an ASPECTS of =6, selection for EVT based on CT and CTA or MRl and MRA is recommended
compared to performance of additional imaging such as CTP or MRP

lla

lla

lla

b

Reworded for clarity from
2013 AIS guidelines’

New recommendation

Revised from 2013 guidelines’

Revised from 2013 guidelines’

New recommendation

New recommendation

New recommendation

New recommendation

Reworded for clarity from
2015 endovascular®

Revised from 2015
endovascular®

New recommendation

New recommendation

Revised from 2015
endovascular

New recommendation

New recommendation

IVT, intravenous thrombolysis; EVT, endovascular thrombectomy; AlS, acute ischemic stroke; AHA, American Heart Association; ASA,
American Stroke Association; COR, class of recommendation; NCCT, noncontrast computed tomography; ICH, intracranial hemorrhage;
CTA, computed tomography angiography; CTP, computed tomography perfusion imaging; MRA, magnetic resonance angiography; DWI,
diffusionweighted magnetic resonance imaging; MRP, magnetic resonance perfusion imaging; rt-PA, recombinant tissue plasminogen
activator; MRI, magnetic resonance imaging; CMB, cerebral microbleed; FLAIR, fluid attenuated inversion recovery; LVO, large vessel
occlusion; RCT, randomized clinical trial; ASPECTS, Alberta Stroke Program Early CT Score; CT, computed tomography.

*COR amended to conform with American College of Cardiology/AHA 2015 Recommendation Classification System: COR | (strong),
benefit>>>risk; COR Ila (moderate), benefit>>risk; COR llb (weak), benefit>risk; COR Ill (no benefit), benefit=risk; COR Il (harm),
risk>benefit? 'Data from the article of Jauch et al. (Stroke 2013;44:870-947). "Data from the article of Powers et al. (Stroke 2015;46:3020-
3035).
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the ganglionic level and M4-M6 at the supraganglionic level
(Fig. 1Q). The rater subtracts 1 point for every abnormal re-
gion, and the total score ranges from 10 (without early isch-
emic change) to 0 (core involving the whole MCA territory). A
recent meta-analysis performed a central reading of all base-
line NCCT from the major 5 EVT trials in 2015°” and found a
clear benefit of EVT in patients with ASPECTS >6,% which has
been adopted in current guidelines. However, for accuracy,
the ASPECTS has the innate problem that NCCT itself has a
significantly lower sensitivity than MR to depict cores in early
time periods, with an overall sensitivity of 57-71% in the first
24 hours of symptom onset and only 12% in the first 3 hours.
The 10 regions in the MCA territory defined in the ASPECTS
are based on anatomical structures, and thus, the individual
regions cover different amounts of brain tissue. Therefore,
the correlation of the ASPECTS with the core volume of
diffusion-weighted MR imaging (DWI) varies considerably
depending on the lesion location. As core volume is a strong
predictor of functional outcome, the regional unequal
weighing of the ASPECTS could compromise treatment
decisions. Contrary to the low sensitivity of NCCT to depict
cores, DWI has 73-92% sensitivity to depict cores in the first
3 hours and up to 95-100% sensitivity in the first 6 hours
after ischemic onset (Figs. 1A, 1B, 1J, 1K, 2A, 3A, 3B, 44116
Cytotoxic edema (condition of restricted diffusion) in the
ischemic brain occurs when cerebral blood flow (CBF) de-
creases under 30/100 g/min increased DWI signal intensity
within minutes after ischemic onset. The DWI signal change
is more conspicuous than NCCT, so direct measurement of
early core volume is possible (Fig. 1). Current guidelines do
not present DWI criteria for the recommendation of VT or
EVT in patients within 6 hours after symptom onset. Studies
and clinical trials have shown that a DWI-ASPECTS =5 and
DWI lesion volume <70 mL could be optimal thresholds to
predict the benefit of EVT*” Manual outlining of DWI lesions
has been used to extract volume data, but this method is
time-consuming and operator dependent. To overcome this
limitation, automated estimation of the core using an appar-
ent diffusion coefficient threshold of 620x10°® mm?/second
is currently applied in practice.”?

Penumbra and mismatch concepts

Considering hemorrhagic complications and the consider-
able rate of futile treatment,*” the ideal patient for revascu-
larization treatment should have a salvageable brain (pen-
umbra), which is a brain at risk of infarction due to critical

https://doi.org/10.5469/neuroint.2021.00465

Kim HJ et al. Imaging in Acute Ischemic Stroke

hypoperfusion that can survive with reperfusion. Perfusion
imaging using CT or MRI techniques is the most used meth-
od for the assessment of penumbra. CT perfusion (CTP) and
MR perfusion (MRP) obtained by continuous scanning over
45 to 90 seconds after administration of contrast material
provide information on tissue enhancement according to
time, which represents the amount of contrast material, that
is, the amount of blood reaching the brain. Cerebral blood
volume (CBV), CBF, time-to-maximum (Tmax), and mean
transit time (MTT) are displayed by calculation based on tis-
sue density (or signal intensity) time curves of perfusion im-
aging. Studies have tried to identify critically hypoperfused
tissue and core by applying thresholds for CBV, CBF, MTT, or
Tmax. The mismatch area between the critically hypoper-
fused tissue and core is considered the penumbra, which is
called the "target mismatch’ because the mismatch area is
a target for revascularization treatment. A Tmax threshold
>6 seconds (Tmax >6 s) has been a reasonable estimate of
critically hypoperfused tissue in the absence of reperfusion
(Figs. 1H, 3D, 4C).** The mismatch area can be estimated
with the difference between the volume of MRP Tmax >6 s
and the DWI lesion when we use MRI as a baseline imaging
tool. However, estimating the penumbra when the baseline
imaging tool is CT is not simple because we cannot measure
the volume of the core on CT images due to the inconspic-
uousness of early NCCT findings. Studies comparing CTP
maps with DWI lesions showed that a threshold of <30% of
the contralateral mean CBF (CBF <30%) was a reasonable
CTP threshold of the core.”® Therefore, in the CT workup, the
mismatch area can be estimated with a difference between
the volume of Tmax > 6 s and CBF <30% (Figs. 1A, 1B, 1H, 1,
1K, 2A, 2G-F, 3A, 3B, 3D, 3E, 4A, 4C, 4D). Clinical trials using a
target mismatch (EPITHET,”® SWIFT-PRIME,> EXTEND-IA,” etc)
to select patients for revascularization treatments showed
a greater treatment effect relative to clinical trials that did
not use the target mismatch concept (NINDS,' ESCAPE,?
REVASCAT," MR CLEAN,® etc). In 2018, DAWN'? and DFFUSE
3" trials showed the benefit of EVT compared with medical
treatment in patients last known to be normal 6 to 24 hours
(DAWN) and 6 to 16 hours (DEFUSE 3) earlier. The DAWN
trial used CTP to estimate the core with a threshold of CBF
<30% and enrolled patients with a small core infarction that
was mismatched to the clinical severity (NIHSS). DEFUSE
3 enrolled patients with a target mismatch on CTP or MRP.
The 2019 guidelines promptly accepted the inclusion criteria
of DAWN and DEFUSE 3 to select eligible patients for EVT in
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Fig. 1. Images at admission of an elderly patient who presented with dysarthria and right-sided weakness at 2 and half hours after last known
normal state. The premorbid modified Rankin scale score of this patient was 0, and the National Institutes of Health Stroke Scale score at admis-
sion was 23. (A) Ganglionic level and (B) supraganglionic level, noncontrast computer tomography (NCCT) images show loss of gray-white matter
differentiation at insula, M2, M3, M4, and M5 of the left middle cerebral artery territory, and the Alberta Stroke Program Early CT Score (ASPECTS) is
5 visually. (C) Computer-aid automated ASPECTS is 7 (RAPID, RapidAl®, Menlo Park, CA, USA). (D) Computed tomography angiography (CTA) shows
occlusion of the left internal carotid and middle cerebral arteries. (E-G) The first (E), second (F), and third phase (G) collateral images derived from
multiphase CTA show a filling delay of 2 phases in the affected hemisphere with a significantly reduced number of vessels in the ischemic territory
(multiphase CTA collateral score 2). (H) CT perfusion (CTP) Tmax threshold >6 seconds (Tmax >6 s) map indicates near whole left middle cerebral
artery territory as penumbra (red zone). (I) Automated software (RAPID, RapidAl®) demonstrates the volume data of core and penumbra and mis-
match ratio between the penumbra and core, which are 93 mL with a threshold of CTP cerebral blood flow <30% and 132 mL with threshold of a
Tmax > 6 s and 14, respectively. (J) Ganglionic level and (K) supraganglionic level, diffusion-weighted magnetic resonance images (DWI) obtained
10 minutes after CT scan show a large core involving the entire left middle cerebral artery territory. (L-O) Images of arterial (L), capillary (M), early
venous (N), and late venous (O) phases of the collateral map derived from dynamic contrast-enhanced magnetic resonance angiography show
very poor collateral perfusion status (MAC score of 0)*® defined as collateral perfusion delay/defect more than one-half of affected middle cerebral
artery territory remained until the late venous phase. DWI (J, K) and the collateral map (L-0) indicate that the core rapidly progresses to infarction.
According to current guidelines, she should receive intravenous thrombolysis (IVT) after scanning NCCT (A, B). Even though the visually estimated
NCCT ASPECTS is 5, it is not easy to exclude her from endovascular thrombectomy (EVT) because it is difficult to accept the NCCT ASPECTS. In addi-
tion, the automated ASPECTS is 7 (C), which is an eligible score for EVT. The result of automated software is dependent on the quality of the learning
material, which is used as ground truth in deep learning. Automated ASPECTS is limited in accuracy due to the inconspicuousness of NCCT. We can
see another result of the automated core size estimated with a threshold of CTP cerebral blood flow <30% (I), which is different from the results of
visual and automated estimation. It is inevitably limited to measuring cores containing heterogeneous factors regarding occluded duration, collater-
al status, and cellular composition with different ischemic resistance as a fixed threshold value. This indirect method of core assessment is also due
to the inconspicuousness of NCCT, and this is a major limitation of CT workup in acute ischemic stroke despite its availability and rapidity. However,
DWI shows a far-progressed large infarction directly and clearly (J, K). We do not need to hesitate excluding her from EVT. At current guidelines, there
is no basis for excluding her from IVT or for further imaging work-up except NCCT. We have no choice but to inject recombinant tissue plasminogen
activator (rt-PA). However, through this case, we can understand the significant ratio of futile or dangerous treatments in current guidelines.
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the late time window (Table 2).

Based on the WAKE-UP trial in 2017 the 2019 guideline
included another imaging-based concept called DWI-flu-
id-attenuated inversion recovery (FLAIR) mismatch, which is
a DWl-positive and FLAIR-negative lesion, for identification

Kim HJ et al. Imaging in Acute Ischemic Stroke

eligibility for IVT in patients who awoke with stroke or have
an unclear onset time >4.5 hours from the last known well or
at the baseline state (Tables 1, 3). FLAIR hyperintensity, which
requires an increase in total tissue water (vasogenic edema),
lags behind DWI hyperintensity due to diffusion restriction

Fig. 2. Images of an elderly patient who developed left-sided weakness 2 hours prior. (A) Diffusion-weighted magnetic resonance imaging at ad-
mission shows a core involving the whole right middle cerebral artery territory. (B) Time-of-flight magnetic resonance angiography (TOF-MRA) and
(C) computed tomography angiography (CTA) show occlusion from the right proximal internal carotid artery (ICA) to the ipsilateral middle cerebral
artery. (D) Early phase image of dynamic contrast-enhanced magnetic resonance angiography (DCE-MRA) shows the same finding as that of TOF-
MRA and CTA. (E) More delayed phase image than (D) of DCE-MRA reveals delayed flow of the ICA reaching the cavernous segment (white arrows).
(F) Catheter digital subtraction angiography reveals the patent right proximal ICA (black arrows) and occlusion of the C1 segment of the right ICA (¥).
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(cytotoxic edema) as the stroke evolves. DWI hyperintense le-
sions without corresponding FLAIR hyperintensity indicated
a stroke within 4.5 hours of onset with an 83-87% positive
predictive value,”® and the WAKE-UP trial could use the DWI-
FLAIR mismatch concept to select eligible patients for IVT in
the late time window. Recently, Broocks et al.?? showed that
quantitative net water uptake between ischemic core and
mirrored contralateral brain, which was calculated based
on CT density, was comparable to DWI-FLAIR mismatch for
identification eligibility for IVT in this patient group.

Assessment of Vessels
Causative vessels and target thrombus

Current guidelines adhere to immediate administration of
intravenous rt-PA after core evaluation (ASPECTS or core
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volume) if the patient meets the inclusion criteria within 4.5
hours after symptom onset and has no contraindications
(Table 1). Delay of IVT for additional imaging workup is not
permitted, so the next imaging work-up proceeds during
rt-PA administration. The next goal of imaging is to find the
occluded vessel that is the cause of the infarction to select
eligible patients for EVT. Contrast-enhanced CT angiography
(CTA) and MR angiography (MRA) are widely used for this
purpose and accomplish the task with less than 90 seconds
of acquisition time. Contrast-enhanced CTA (Figs. 1D, 2C) and
MRA (Figs. 3C, 4B) can directly show not only the causative
vessel but also the overall information of cervicocerebral
arteries, such as anatomy of the aortic arch, tortuosity of
the proximal extracranial neck vessels, atherosclerosis of the
carotid bifurcation, cervicocephalic dissection, or other cere-
brovascular diseases, such as vasculitis, intracranial aneurysm,

Fig. 3. Images of a middle aged patient who developed left-sided weakness 30 minutes prior. Her premorbid modified Rankin scale score was
0, and the National Institutes of Health Stroke Scale score at admission was 11. She underwent intravenous thrombolysis followed by intraarterial
thrombectomy, but recanalization of the occluded arteries was not achieved, as shown by a modified Thrombolysis in Cerebral Infarction scale score
of 2a. (A) Noncontrast computed tomography image at admission shows less distinction of the right basal ganglia than the left basal ganglia. (B) Dif-
fusion-weighted magnetic resonance imaging (DWI) at admission shows a core involving the insula, caudate nucleus, basal ganglia, internal capsule,
M1, cortical area of M2 and M3, and some periventricular white matter of M3 on the right middle cerebral artery territory. (C) Dynamic contrast-en-
hanced magnetic resonance angiography (DCE-MRA) at admission shows occlusion of the right internal carotid and middle cerebral arteries. (D) MR
perfusion Tmax threshold >6 seconds (Tmax >6 s) map at admission shows penumbra (white zone) matched with the core. (E) DWI on Day 1 shows
a significantly increased extent of the core on DWI at admission due to reperfusion failure. (F-J) Images of arterial (F), capillary (G), early venous
(H), late venous (I), and delay (J) phases of collateral map derived from DCE-MRA show intermediate to poor collateral perfusion status (MAC score
of 2% defined as collateral perfusion delay/defect more than one-half of affected middle cerebral artery territory in the capillary phase and equal
to or less than one-half in the early venous phase. Because there was no target mismatch on Tmax >6 s (D), despite no penumbra on Tmax >6 s, the
extent of the baseline core increased as much as the hypoperfused area on the capillary phase of the collateral map at admission, and the extent of
the baseline core coincided with the hypoperfused area in the early venous phase.
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or arteriovenous malformation. These factors affect EVT deci-
sions and are important to neurointerventionists when plan-
ning an endovascular procedure. Modern EVT practice uses
multiple devices and techniques tailored to the needs of a
specific situation. Previous information on the aortic arch,
neck vessels, and intracranial circulation, including thrombus
location, helps in choosing appropriate devices and tech-
niques, enabling more rapid and safe recanalization. Time-
of-flight (TOF) MRA is a vascular imaging method that does
not use contrast material (Fig. 2B). The sensitivity and speci-
ficity for detecting arterial occlusion are lower than those of
contrast-enhanced MRA, and the acquisition time is relatively
lengthy (approximately 3—4 minutes). However, it can be a
good imaging option to detect the causative vessels in pa-
tients with renal impairment. Contrast-enhanced CTA and
MRA and TOF-MRA show only a single static vascular status
restricted to the early arterial phase. Slow-flow dynamics due
to distal steno-occlusive lesions can result in pseudoocclu-
sion appearing upstream of the exact steno-occlusive lesion
on these single-phase angiographies (Fig. 2B, C). Multiphase
CTA and dynamic contrast-enhanced (DCE)-MRA provide
dynamic flow information to overcome this limitation and
identify the location of the steno-occlusive lesion, which is
misled on arterial phase images, on delayed phase images
more exactly (Fig. 2D, £

A thrombus lodged in the occluded artery is shown as a
hyperdense artery on NCCT, which is called a hyperdense
artery sign due to increase density of thrombus by clotted
blood. The hyperdense artery sign is present in <50% of
patients on standard 3-5 mm-slice NCCT but is highly spe-
cific for vessel occlusion with a specificity of 90-100%.' This
finding is shown as a susceptibility vessel sign on SWI, which
is defined as a hypointense signal that exceeds the diameter
of the contralateral artery located at the site of the thrombus.
CT hyperdensity and paramagnetic susceptibility of throm-
bi are due to the higher proportion of RBCrich clots that
have more concentrated deoxyhemoglobin than fibrin-rich
clots. Although it is still debatable, this fact represents the
association of the hyperdense artery sign (or susceptibility
vessel sign) with the cardioembolic cause of acute ischemic
stroke.®! The role of identifying vessel occlusion of the hy-
perdense artery sign on NCCT is not as significant today as it
was when CTA was not popular. However, direct visualization
of the location and extent of the thrombus and assuming
the cause of stroke are quite useful information for neuroin-
terventionists to decide on the appropriate thrombectomy
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devices, position the devices, and plan the subsequent pro-
cedure.

Collateral circulation

Cerebral collaterals are alternative vascular channels for main-
taining blood perfusion to the ischemic brain distal to arterial
occlusion. In cerebral ischemia due to large-vessel occlusion,
cell viability depends on the collateral circulation, which has
high interindividual variability. Therefore, collateral estimation
provides the most potentially powerful prognostic insights.
Estimation of the core and penumbra by NCCT, DWI, and
perfusion imaging is an indirect method of collateral estima-
tion. Initially, contrast-enhanced CTA was studied for direct
collateral estimation. The arterial scoring method based on
this single-phase CTA had a critical limitation of underesti-
mating the collaterals with a longer transit time due to early
triggering of a static acquisition.* Patients excluded from re-
vascularization treatment because of poor collaterals on sin-
gle-phase CTA may have quite good collaterals that simply
arrived after CTA acquisition. Multiphase CTA overcame this
limitation by 3 consecutive acquisitions after administration
of contrast material to capture the delayed flow (Fig. 1E-G).2
A secondary analysis from the MR CLEAN® trial showed that
a significant benefit of EVT was found in patients with good
and intermediate collaterals on single-phase CTA and none
in patients with poor collaterals.** The ESCAPE trial used
multiphase CTA in imaging selection of eligible patients for
EVT and showed that it helped to determine the clinical out-
come.’ Based on these studies, the AHA/ASA recommends
that the incorporation of collateral flow status into clinical
decision-making in some candidates to determine eligibility
for EVT may be reasonable in the 2018 guidelines, and they
kept this recommendation in 20192 However, the benefit of
collateral-based patient selection over the perfusion imag-
ing-based method in selecting patients who are most likely
to benefit from EVT is questionable. The treatment effect of
EVT in the ESCAPE trial® was inferior to the SWIFT-PRIME® and
EXTEND-IA’ trials, which used perfusion imaging to select
patients with a target mismatch. A post hoc analysis of the
SWIFT-PRIME® trial found a benefit for patients undergoing
EVT regardless of collateral status on single-phase CTA.* We
suppose that the inferiority of the collateral-based method
compared to the perfusion imaging-based method was
due to the limitations of current collateral imaging methods.
Neither single-phase CTA nor multiphase CTA provides pa-
renchymal perfusion information but only pial arterial infor-
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mation at 3 fixed time points according to CT table speed,
which does not reflect individual hemodynamics, and it is
still unclear whether the flow reaches and permeates brain
tissue (Fig. 1E=G). The venous outflow concept has emerged
from this limitation of artery-oriented collateral estimation.
Brain perfusion is not only determined by the arterial inflow
but also by downstream resistance due to tissue pressure

135 showed

or capillary and venous characteristics. Faizy et a
that favorable venous outflow profiles, which were assessed
by counting veins on CTA, correlate with favorable tis-
sue-level collaterals and clinical outcomes. However, venous
outflow profiles based on CTA have the similar limitation of
underestimating the collaterals with a longer transit time or
slow hemodynamics like single-phase CTA. A novel multi-
phase collateral imaging method, called collateral map, using
dynamic signals of dynamic susceptibility contrast-enhanced
MRP (DSC-MRP) and DCE-MRA was developed recently?’ The
collateral map consists of images of arterial, capillary, early
venous, late venous, and delay phases determined according
to the hemodynamics of each patient and provides more
detailed information on brain perfusion and vessels from
arterial phase to venous phase (Figs. 1L-0, 3F—J, 4E-I). Kim
et al*® showed the clinical prognostic value of the collateral
map in acute ischemic stroke due to anterior circulation large
vessel occlusion. We expect that sophisticated collateral per-
fusion imaging with temporal information can provide pre-
cise information on the penumbra (Fig. 3). If this approach
is clinically validated, then it will be possible to estimate the
causative vessel, penumbra, and collateral perfusion status
of a patient based on 1 imaging acquisition (DCE-MRA). And
the MRI protocol can be simplified with a <4 minutes acqui-
sition time composed of DWI (acquisition time, 34 seconds),
SWI (97 seconds), and DCE-MRA (60-90 seconds). Addition-
ally, Lee et al > showed the predictability of symptomatic
hemorrhagic transformation (parenchymatous hematoma
2) with collateral map and permeability imaging derived
from DCE-MRA in patients with poor collateral perfusion status.

The prominent vessel sign, which is demonstrated as
prominent cortical and/or medullary veins in ischemic
brains on SWI, has been introduced as an imaging marker
for collateral assessment.*"° The prominent vessel sign has
been positively correlated with the amount of deoxyhemo-
globin in cerebral veins secondary to an increased oxygen
extraction fraction of the ischemic brain, which shortens
T2* relaxation and decreases the signal intensity of the
veins in the ischemic region with respect to that in a normal
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brain.’' Therefore, ischemic tissue with poor collaterals re-
quires more oxygen and contains more deoxyhemoglobins
in tissue vessels, demonstrating a more prominent vessel
sign on SWI than that of tissue with good collaterals. The
prominent vessel sign is another indirect finding of collateral
perfusion status, such as various perfusion parameters. Lu
et al*! reported that mismatch between SWI (quantitatively
measured volume of a region with a prominent vessel sign)
and DWI showed good consistency with target mismatch of
perfusion imaging and provided a reliable method to reflect
the penumbra. SWI is an essential sequence in the baseline
MRI protocol used for evaluating patients with acute isch-
emic stroke to exclude patients with intracranial hemorrhage
from revascularization treatment. Therefore, assessment of
collaterals and penumbra by SW is an efficient triage option
in time-pressured environments of acute ischemic stroke
care, particularly in patients for whom contrast material is not
recommended.

CHALLENGES AND FUTURE

Tissue Viability

The major challenge of current imaging evaluations in acute
stroke is the accuracy in estimating tissue viability. EVT is
currently recommended in patients with small cores, which
is estimated with imaging thresholds of NCCT ASPECTS =6,
DWI ASPECTS =5, or DWI lesion or PWI lesion (CBF <30%)
volume <70 mL. The underlying assumption is that patients
with a large core have less salvageable tissue and are thus
unlikely to benefit and more likely to suffer hemorrhagic
transformation from revascularization treatment, as most
core tissue is considered irreversibly damaged. In current
guidelines, patients with cores involving more than one-third
of the MCA territory, which is identified by imaging thresh-
olds of NCCT ASPECTS <7, DWI ASPECTS <6, or DWI lesion or
perfusion lesion (Tmax >8-10 seconds) volume >70-100 mL,
are not included in EVT. The progression of ischemic tissue
is highly complex and individual. Jones et al showed that
CBF thresholds for irreversible tissue damage depend on the
duration of occlusion,*” and Marcoux et al.** showed that
tissue tolerance to ischemia differs between tissue types.
Applying fixed thresholds across all time points from stroke
onset is not reliable; therefore, studies have shown that CTP
thresholds are not accurate for estimating the core* or pen-
umbra® and can lead to erroneous treatment decisions. The



potential for DWI lesion reversibility with rapid reperfusion,
especially in less than 3 hours after stroke onset, shows also
the limitation of core estimation by DWI,%
that excluded patients from revascularization treatments
due to large DWI lesions may be eligible for treatment (Fig. 4).
DWI hyperintensity does not always represent cell death but
tissue with cytotoxic edema induced by severe ischemia.
There are numerous and various cells with heterogeneous
fates in the DWI lesions that can evolve to full infarction, par-
tial infarction, or normal tissue outcome depending on the
speed and quality of reperfusion in DWI lesions. Follow-up
infarct volume, which is conceptualized as target mismatch
in the present stroke imaging evaluation, is a strong indepen-
dent predictor of functional outcome.*’ Currently, we do not
have a tool for predicting the follow-up infarct volume ex-
cept perfusion thresholds for penumbra estimation, such as

which indicates
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Tmax >6 seconds, which we already reviewed as a limitation.
Even if there are limitations, only imaging can distinguish
regions of the brain likely to be irreversibly injured versus
potentially salvageable, which are essential elements of the
guidelines for precise treatment. Infarct growth is more de-
pendent on collateral status than the elapsed time: infarction
progresses slowly in good collaterals (slow progressor) (Fig. 4)
and is accelerated in poor collaterals (fast progressor) (Fig. 1).
The baseline cores, even with the same time point and same
volume, have different fates according to collateral status.
Dr. Albers noted that a factor for better results in late window
trials (DAWN'? and DEFUSE 3'3) compared to early window
trials (ESCAPE,® REVASCAT,* SWIFT-PRIME,® MR CLEAN,® EX-
TEND-IA) in treatment effect of EVT was that a substantial
percentage (about 50%) of patients have very slow growth
of the ischemic core for up to 12 hours or longer due to the

Fig. 4. Images of an elderly patient who developed left-sided weakness 4 hours prior. His premorbid modified Rankin scale score was 0, and the
National Institutes of Health Stroke Scale score at admission was 10. He was ineligible for IVT because he was taking an oral anticoagulant for arterial
fibrillation. (A) Diffusion-weighted magnetic resonance imaging (DWI) at admission shows the core mainly involving more than one-third of the
right middle cerebral artery (MCA) territory. (B) Dynamic contrast-enhanced magnetic resonance angiography (DCE-MRA) at admission shows partial
occlusion at the first bifurcation of the right MCA. (C) MR perfusion Tmax threshold >6 seconds (Tmax >6 s) map at admission shows penumbra (white
zone) larger than the core representing target mismatch. Catheter digital subtraction angiography performed prior to endovascular thrombectomy
(EVT) revealed distal migration of fragmented thrombi to the M3 and M4 branches of the right MCA, so EVT did not undergo. (D) DWI on Day 1
shows that most of the baseline DWI lesions were reversed except for two tiny infarct signals. (E-1) Images of arterial (E), capillary (F), early venous
(G), late venous (H), and delay (I) phases of collateral map derived from DCE-MRA show good collateral perfusion status (MAC score of 24 defined
as collateral perfusion delay equal to or less than one-half of affected MCA territory in the capillary phase and no or a small delay in the early venous
phase.
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favorable collateral circulation (slow progressors).48 Contrary
to early window trials which had heterogeneous patients
including slow and fast progressors, most patients in late
window trials were slow progressors because the patients
showed a small core volume even in later times. The ineffec-
tiveness of EVT in fast progressors would neutralize the ben-
efits of EVT in early window trials, which resulted in a better
treatment effect in late window trials than in early window
trials. Therefore, research integrating brain imaging (CT and
DWI) and collateral perfusion imaging with consideration
of the timepoint of image acquisition is necessary for the
precise prediction of the ischemic core and penumbra. Ad-
vanced techniques in imaging and data science will enhance
the predictability of that research.

Hemorrhagic Transformation

Symptomatic hemorrhagic transformation of acute ischemic
stroke is a leading cause of unfavorable outcomes in acute
ischemic stroke. Patients with acute ischemic stroke expect-
ing hemorrhagic transformation should be excluded from
revascularization treatment. Previous studies have shown
that older age, higher baseline NIHSS score, high blood pres-
sure, hyperglycemia, larger baseline DWI lesion, and poor
collaterals were main predictors of symptomatic hemorrhag-
ic transformation,*® but none of these factors has become a
clinical standard due to low specificity. Permeability imaging
derived from CTP, DCE-MRP, or DSGMRP showed the possi-
bility of an individualized prediction of hemorrhagic trans-
formation. However, the additional long acquisition time and
absence of standard application of the measurement models
are limitations in the practical use of permeability imaging
in acute ischemic stroke. In 2021, Lee et al** introduced per-
meability imaging derived from DCE-MRA with a 90 second
acquisition time and showed a high sensitivity for the pre-
diction of hemorrhagic transformation in patients with poor
collateral perfusion status. However, further validation in a
large population is necessary.

Standardization of Imaging Generation and
Interpretation

Another challenge is the standardization of imaging gen-
eration and interpretation. The interrater agreement in the
measurement of the NCCT ASPECTS is not satisfactory due to
the inconspicuousness of early CT findings of acute ischemic
stroke. In the case of perfusion imaging, image interpretation
is inconsistent because of variability in the processing algo-
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rithm and applied thresholds. These problems may result in
individual differences in the application of guidelines. Auto-
mated software for generating perfusion maps, assessment
of ASPECTS, target mismatch, and large vessel occlusion
has been developed.™ It provides rapid patient assessment
and consistent treatment application. However, the utility
of automated software can be limited if the gold standard
that they use as ground truth is inaccurate (Fig. 1C). There-
fore, the development of accurate imaging methods and
criteria to assess the tissue viability and collateral perfusion
status should take precedence. Adequate assessment and
validation of algorithms used in various automated software
programs are other challenging tasks.

CONCLUSION

Clinical trials have demonstrated the effectiveness of IVT and
EVT in patients with acute ischemic stroke and expanded
the applicable time window of those revascularization treat-
ments. Aside from advances in treatment methods, imag-
ing-based selection of eligible patients is crucial to success.
Accordingly, the guidelines for revascularization treatments
have also evolved to accept multimodal imaging evaluation.
CT (NCCT, CTA [single or multiphase], and CTP) or MRI (DWI,
SWI, MRA [single or multiphase], MRP, and/or FLAIR) performs
well for the following imaging roles in acute ischemic stroke:
1) exclusion of intracranial hemorrhage and stroke mimic
disease, 2) assessment of salvageable brain, 3) localization of
the vascular occlusion and thrombus, and 4) estimation of
collateral circulation. The trade-off between gaining precise
information by imaging evaluation and losing time is no lon-
ger an issue because of the rapid acquisition of CT and MRI
(<5 minutes). However, assessing the salvageable brain by
determining the core and penumbra is still not precise, and
predicting hemorrhagic transformation is limited. Recently
developed collateral imaging derived from dynamic imaging
techniques has provided precise collateral perfusion informa-
tion according to individual hemodynamics without addi-
tional time consumption. It can be expected that integration
of brain imaging and precise collateral perfusion imaging
with consideration of time of imaging acquisition will enable
personalized assessment of the core and penumbra and
prediction of hemorrhagic transformation in the near future.
Sophisticated imaging methods and criteria to select eligible
patients for revascularization treatments and automated



software based on those imaging methods and criteria will
open an era of precise medicine in acute ischemic stroke.
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